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(57) Abstract 

A method and system (1 10) for monitoring both an industrial process and a sensor (104). The method and system include determining 
a minimi number of sensor pairs needed to test the industrial process as well as the sensor (104) for evaluating the state ; of operauon 
of both After obtaining two signals associated with one physical vanable, a difference function ts obtained by determining the anmmetic 
difference between the pair of signals over time. A frequency domain transformation is made of the difference function to obtain Founer 
modes describing a composite function. A residual function is obtained by subtracting the composite function from the difference function 
and the residual function (free of nonwhite noise) is analyzed by a statistical probability ratio test. 
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An Expert System for Testing Industrial Processes and 

Determining Sensor Status 

The United States Government has rights in this invention pursuant to 
Contract W-31-109-ENG-38 between the U.S. Department of Energy and the University of 
Chicago. 

The present invention is concerned generally with an expert system and method for 
reliably monitoring industrial processes using a set of sensors. More particularly, the 
invention is concerned with an expert system and method for establishing a network of 
industrial sensors for parallel monitoring of industrial devices. The expert system includes a 
network of highly sensitive pattern recognition modules for automated parameter 
surveillance using a sequential probability ratio test. 

Conventional parameter-surveillance schemes are sensitive only to gross changes in 
the mean value of a process, or to large steps or spikes that exceed some threshold limit 
check. These conventional methods suffer from either large numbers of false alarms (if 
thresholds are set too close to normal operating levels) or a large number of missed (or 
delayed) alarms (if the thresholds are set too expansively). Moreover, most conventional 
methods cannot perceive the onset of a process disturbance or sensor deviation which gives 
rise to a signal below the threshold level for an alarm condition. 

In another conventional monitoring method, the Sequential Probability Ratio Test 
("SPRT") has found wide application as a signal validation tool in the nuclear reactor 
industry. Two features of the SPRT technique make it attractive for parameter surveillance 
and fault detection: (1) early annunciation of the onset of a disturbance in noisy process 
variables, and (2) the SPRT technique has user-specifiable false-alarm and missed-alarm 
probabilities. One important drawback of the SPRT technique that has limited its adaptation 
to a broader range of applications is the fact that its mathematical formalism is founded upon 
an assumption that the signals it is monitoring are purely Gaussian, independent (white 
noise) random variables. 
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It is therefore an object of the invention to provide an improved method and system 
for continuous evaluation and/or modification of industrial processes and/or sensors 
monitoring the processes. 

It is also an object of the invention to provide an improved method and system for 
automatically configuring a set of sensors to monitor an industrial process. 

It is another object of the invention to provide a novel method and system for 
statistically processing industrial process signals having virtually any form of noise signal. 

It is a further object of the invention to provide an improved method and system 
employing identical pairs of sensors for obtaining redundant readings of physical processes 
from an industrial process. 

It is still an additional object of the invention to provide a novel method and system 
utilizing a plurality of signal pairs to generate difference functions to be analyzed for alarm 
information. 

It is still a further object of the invention to provide an improved method and system 
including a plurality of single sensors for each industrial device or process for providing a 
real signal characteristic of a process and further providing a predicted sensor signal 
allowing formation of a difference signal between the predicted and real signal for 
subsequent analysis. 

It is also an object of the invention to provide a novel method and system wherein 
difference functions are formed from pairs of sensor signals operating in parallel to monitor 
a plurality of like industrial devices. 

It is yet an additional object of the invention to provide an improved method and 
system utilizing variable and multiple pairs of sensors for determining both sensor 
degradation and industrial process status. 

It is still another object of the invention to provide a novel method and system having 
a plurality of sensors analytically configured by an expert system to establish the minimum 
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array of coupled sensors needed to monitor each sensor as well as the industrial process or 
devices. 

An expert system has been developed that continuously monitors digitized signals 
from a set of sensors which are measuring a variety of physical variables (e.g.. temperature, 
pressure, radiation level, vibration level, etc.). The expert system employs a sensitive 
pattern-recognition technique, the sequential probability ratio test ("SPRT") technique for 
early annunciation of sensor operability degradation. A SPRT module can monitor output 
from two identical sensors and determine if the statistical quality of the noise associated with 
either signal begins to change. In applications involving two or more industrial devices 
operated in parallel and equipped with identical sensors, a SPRT module applied to pairs of 
sensors monitoring the same physical process on the respective devices will provide sensitive 
annunciation of any physical disturbance affecting one of the devices. If each industrial 
device had only one sensor, it would not be possible for the SPRT technique to distinguish 
between equipment degradation and degradation of the sensor itself. In this application the 
primary benefit of the SPRT method would derive from its very early annunciation of the 
onset of the disturbance. Having this valuable information, additional diagnosis can then be 
performed to check the performance and calibration status of the sensor and to identify the 
root-cause of the signal anomaly. 

For cases where each industrial device is equipped with multiple, redundant sensors, 
one can apply SPRT modules to pairs of sensors on each individual device for sensor- 
operability verification. In this case the expert system provides not only early annunciation 
of the onset of a disturbance, but also can distinguish between equipment degradation and 
degradation of its sensors. Moreover, when the expert system determines that the cause of 
die discrepant signals is due to a degraded sensor, it can identify the specific sensor that has 
failed. 

In a simple generic application involving a single industrial device equipped with 
triply-redundant sensors for measurement of two physical variables, the expert system first 
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identifies the minimum unique set of signal pairs that will be needed for the network of 
interacting SPRT modules. Further, the system can operate using two industrial devices 
working in parallel (e.g.. jet engines, propeller drive motors on a ship, turbomachinery in an 
industrial plant, etc.). Again the expert system identifies the pair-wise sensor combinations 
that it uses subsequently in building the conditional branching hierarchy for the 
SPRT-module configuration. 

Other objects, features, alternative forms and advantages of the present invention will 
be readily apparent from the following description of the preferred embodiments thereof, 
taken in conjunction with the accompanying drawings described below. 

Brief Description of the Drawings 

FIGURE 1 illustrates the specified output of a pump's power output over time; 

FIGURE 2 shows a Fourier composite curve generated using the pump spectral output 
of FIG. 1; 

FIGURE 3 illustrates a residual function characteristic of the difference between 
FIGS. 1 and 2; 

FIGURE 4A shows a periodogram of the spectral data of FIG. 1 and FIG. 4B shows a 
periodogram of the residual function of FIG. 3; 

FIGURE 5A illustrates a noise histogram for the pump power output of FIG. 1 and 
FIG. 5B illustrates a noise histogram for the residual function of FIG. 3; 

FIGURE 6A shows an unmodified delayed neutron detector signal from a first sensor 
and FIG. 6B is for a second neutron sensor; FIG. 6C shows a difference function 
characteristic of the difference between data in FIG. 6A and 6B and FIG. 6D shows the data 
output from a SPRT analysis with alarm conditions indicated by the diamond symbols; 

FIGURE 7A illustrates an unmodified delayed neutron detector signal from a first 
sensor and FIG. 7B is for a second neutron sensor; FIG. 7C shows a difference function for 
the difference between the data of FIG. 7A and 7B and FIG. 7D shows the result of using the 
instant invention to modify the difference function to provide data free of serially correlated 
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noise to the SPRT analysis to generate alarm information and with alarm conditions 

indicated by the diamond signals; 

FIGURE 8 A and B illustrate a schematic functional flow diagram of the invention 
with FIG. 8A showing a first phase of the method of the invention and FIG. 8B shows the 
application of the method of the invention; 

FIGURE 9 illustrates a plurality of sensors monitoring two physical variables of a 
single industrial device; 

FIGURE 1 0 illustrates triply-redundant sensors monitoring two physical variables for 
two industrial devices; 

FIGURE 1 1 illustrates an overall system structure employing the sensor array of 

FIG. 10; 

FIGURE 12 illustrates triply-redundant sensors monitoring one physical variable for 
three industrial devices; 

* ■ 

FIGURE 13 illustrates a logic diagram and conditional branching structure for an 
equipment surveillance module; and 

FIGURE 14 illustrates a system of industrial devices and development of SPRT 
modules for monitoring the system. 

Detailed Description of Preferred Embodiments 

In a method of the invention signals from industrial process sensors can be used to 
annunciate, modify or terminate degrading or anomalous processes. The sensor signals are 
manipulated to provide input data to a statistical analysis technique, such as a process 
entitled Sequential Probability Ratio Test ("SPRT"). Details of this process and the 
invention therein are disclosed in S.N. 07/827,776 which is incorporated by reference herein 
in its entirety. A further illustration of the use of SPRT for analysis of data bases is set forth 
in U.S. Pat. No. 5,410,422 and copending application of the assignee SN 08/068,713, also 
incorporated by reference herein in their entirety. The procedures followed in a preferred 
methods are shown generally in FIG. 8 and also in FIG. 12. In performing such a preferred 
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analysis of the sensor signals, a dual transformation method is performed, insofar as it entails 
both a frequency-domain transformation of the original time-series data and a subsequent 
time-domain transformation of the resultant data. The data stream that passes through the 
dual frequency-domain, time-domain transformation is then processed with the SPRT 
procedure, which uses a log-likelihood ratio test. A computer software package, 
Appendix A, is also attached hereto covering the SPRT procedure and its implementation in 
the context of, and modified by, the instant invention. 

In one preferred embodiment, successive data observations are performed on a 
discrete process Y, which represents a comparison of the stochastic components of physical 
processes monitored by a sensor, and most preferably pairs of sensors. In practice, the Y 
function is obtained by simply differencing the digitized signals from two respective sensors. 
Let y k represent a sample from the process Y at time t k During normal operation with an 
undegraded physical system and with sensors that are functioning within specifications the 
y k should be normally distributed with mean of zero. Note that if the two signals being 
compared do not have the same nominal mean values (due, for example, to differences in 
calibration), then the input signals will be pre-normalized to the same nominal mean values 
during initial operation. 

In performing the monitoring of industrial processes, the system's purpose is to 
declare a first system, a second system, etc., degraded if the drift in Y is sufficiently large 
that the sequence of observations appears to be distributed about a mean +M or -M, where M 
is our pre-assigned system-disturbance magnitude. We would like to devise a quantitative 
framework that enables us to decide between two hypotheses, namely: 

H ( : Y is drawn from a Gaussian probability distribution function ("PDF") with mean 

M and variance a 2 . 

H 2 : Y is drawn from a Gaussian PDF with mean 0 and variance a 2 . 
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We will suppose that if Hj or H 2 is true, we wish to decide for H, or H 2 with 
probability (1 - p) or (1 - a), respectively, where a and P represent the error 
(misidentification) probabilities. 

From the conventional, well known theory of Wald, the test depends on the likelihood 
ratio l n , where 

The probability of observed sequence y h y 2 ..., y n given H, true 

K= 0) 

The probability of observed sequence y 2 ..., y n given H 2 true 
After V 1 observations have been made, the sequential probability ratio is just the 
product of the probability ratios for each step: 

l n = (PR ) ).(PR 2 ).....(PR Tl ) (2) 

or 

I^f(y>|H.) 
! . 1 f(y|H>) 

where f(y|H) is the distribution of the random variable y. 

Wald's theory operates as follows: Continue sampling as long as A<l n <B. Stop 
sampling and decide H, as soon as I^B, and stop sampling and decide H 2 as soon as !„< A. 
The acceptance thresholds are related to the error (misidentification) probabilities by the 

following expressions: 

A = and B = ^ (4) 
1-a a v 3 

The (user specified) value of a is the probability of accepting Hi when H 2 is true (false 
alarm probability). P is the probability of accepting H 2 when H, is true (missed alarm 
probability). 
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If we can assume that the random variable y k is normally distributed, then the 
likelihood that H, is true (i.e.. mean M, variance a 2 ) is given by: 



My,. y,-, y n P.) - — ^- ex P [- ± (±,l-i±r k m+± m')] 



{2nY"o n 2a 

k-l k-l k-l 



(5) 



Similarly for H 2 (mean 0, variance a 2 ): 



L(y„ y,.., y„ |H 2 ) = — L_ n exp (- ~ 2>0 (6) 



k-i 



The ratio of (5) and (6) gives the likelihood ratio 
^Pt-T^t M(M-2y k )] 



2a 

k-l 



(7) 



Combining (4) and (7), and taking natural logs gives 

n 

^A^'Z M(M-2y k )<b^ (8) 

k-l 

Our sequential sampling and decision strategy can be concisely represented as: 

If l n < ln-^-, Accept H 2 (9) 

1 - a 

If ln-^- <l n <ln-^, Continue Sampling (10) 
\ - a a 

And if l n >ln^A Accept H, (11) 

a 

Following Wald's sequential analysis, it is conventional that a decision test based on 
the log likelihood ratio has an optimal property; that is, for given probabilities a and p there 
is no other procedure with at least as low error probabilities or expected risk and with shorter 
length average sampling time. 

A primary limitation that has heretofore precluded the applicability of Wald-type 
binary hypothesis tests for sensor and equipment surveillance strategies lies in the primary 
assumption upon which Wald's theory is predicated; i^, that the original process Y is strictly 
"white" noise, independently-distributed random data. White noise is thus well known to be 
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a signal which is uncorrelated. Such white noise can, for example, include Gaussian noise. It 
is, however, very rare to find physical process variables associated with operating machinery 
that are not contaminated with serially-correlated, deterministic noise components. Serially 
correlated noise components are conventionally known to be signal data whose successive 
time point values are dependent on one another. Noise components include, for example, 
auto-correlated (also known as serially correlated) noise and Markov dependent noise. 
Auto-correlated noise is a known form of noise wherein pairs of correlation coefficients 
describe the time series correlation of various data signal values along the time series of data. 

That is, the data Ui, U2, . . U n have correlation coefficients (Uj, U2), (U2, U3) (U n . 

1, U n ) and likewise have correlation coefficients (Uj, U3) (U2, U4), etc. If these data are 
auto-correlated, at least some of the coefficients are non-zero. Markov dependent noise, on 
the other hand, is a very special form of correlation between past and future data signals. 
Rather, given the value of Ufc, the values of U n , n > k, do not depend on the values of Uj 
where j < k. This implies the correlation pairs (Uj, Un), given the value Ufc, are all zero. If, 
however, the present value is imprecise, then the correlation coefficients may be nonzero. 
One form of this invention can overcome this limitation to conventional surveillance 
strategies by integrating the Wald sequential-test approach with a new dual transformation 
technique. This symbiotic combination of frequency-domain transformations and time- 
domain transformations produces a tractable solution to a particularly difficult problem that 
has plagued signal-processing specialists for many years. 

In one preferred embodiment of the method shown in detail in FIG. 8, serially- 
correlated data signals from an industrial process can be rendered amenable to the SPRT 
testing methodology described hereinbefore. This is preferably done by performing a 
frequency-domain transformation of the original difference function Y. A particularly 
preferred method of such a frequency transformation is accomplished by generating a 
Fourier series using a set of highest "F number of modes. Other procedures for rendering 
the data amenable to SPRT methods includes, for example, auto regressive techniques, 
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which can accomplish substantially similar results described herein for Fourier analysis. In 
the preferred approach of Fourier analysis to determine the T highest modes (see FIG. 8A): 

N 

Y « = Y + (a™ cos ©„, t + b m sin a> m t) (i 2 ) 

where V 2 is the mean value of the series, and b m are the Fourier coefficients 
corresponding to the Fourier frequency to m> and N is the total number of observations. 
Using the Fourier coefficients, we next generate a composite function, X„ using the values 
of the largest harmonics identified in the Fourier transformation of Y t . The following 
numerical approximation to the Fourier transform is useful in determining the Fourier 
coefficients a,„ and b m . Let x j be the value of X, at the jth time increment. Then assuming 2 
71 periodicity and letting 

<D m = 27tm/N, the approximation to the Fourier transform yields: 

^'"^Z x i COS0> nJ b n» = ^E x jS inco m j (13) 

for 0 <m <N/2. Furthermore, the power spectral density ("PSD") function for the signal is 
given by l m where 

L=N (14) 

2 

To keep the signal bandwidth as narrow as possible without distorting the PSD, no spectral 
windows or smoothing are used in our implementation of the frequency-domain 
transformation. In analysis of a pumping system of the EBR-II reactor of Argonne National 
Laboratory, the Fourier modes corresponding to the eight highest ^ provide the amplitudes 
and frequencies contained in X t . In our investigations for the particular pumping system data 
taken, the highest eight ^ modes were found to give an accurate reconstruction of X, while 
reducing most of the serial correlation for the physical variables studied. In other industrial 
processes, the analysis could result in more or fewer modes being needed to accurately 
construct the functional behavior of a composite curve. Therefore, the number of modes 
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used is a variable which is iterated to minimize the degree of nonwhite noise for any given 

application. As noted in FIG. 8A a variety of noise tests are applied in order to remove 
serially correlated noise. 

The reconstruction of X, uses the general form of Eqn. (12), where the coefficients 
and frequencies employed are those associated with the eight highest PSD values. This 
yields a Fourier composite curve (see end of flowchart in FIG. 8 A) with essentially the same 
correlation structure and the same mean as Y r Finally, we generate a discrete residual 
function by differencing corresponding values of Y ( and X,. This residual function, which 
is substantially devoid of serially correlated contamination, is then processed with the SPRT 
technique described hereinbefore. 

In a specific example application of the above referenced methodology, certain 
variables were monitored from the Argonne National Laboratory reactor EBR-II. In 
particular, EBR-II reactor coolant pumps (RCPs) and delayed neutron (DN) monitoring 
systems were tested continuously to demonstrate the power and utility of the invention. All . 
data used in this investigation were recorded during full-power, steady state operation at 
EBR-II. The data have been digitized at a 2-per-second sampling rate using 2 U (16,384) 
observations for each signal of interest. 

FIGS. 1-3 illustrate data associated with the preferred spectral filtering approach as 
applied to the EBR-II primary pump power signal, which measures the power (in kW) •<? 
needed to operate the pump. The basic procedure of FIG. 8 was then followed in the 
analysis. FIG. 1 shows 136 minutes of the original signal as it was digitized at the 2-Hz 
sampling rate. FIG. 2 shows a Fourier composite constructed from the eight most prominent 
harmonics identified in the original signal. The residual function, obtained by subtracting 
the Fourier composite curve from the raw data, is shown in FIG. 3. Periodograms of the raw 
signal and the residual function have been computed and are plotted in FIG. 4. Note the 
presence of eight depressions in the periodogram of the residual function in FIG. 4B, 
corresponding to the most prominent periodicities in the original, unfiltered data. 
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Histograms computed from the raw signal and the residual function are plotted in FIG. 5. 
For each histogram shown we have superimposed a Gaussian curve (solid line) computed 
from a purely Gaussian distribution having the same mean and variance. Comparison of 
FIG. 5A and 5B provide a clear demonstration of the effectiveness of the spectral filtering in 
reducing asymmetry in the histogram. Quantitatively, this decreased asymmetry is reflected 
in a decrease in the skewness (or third moment of the noise) from 0. 15 (raw signal) to 0. 10 
(residual function). 

It should be noted here that selective spectral filtering, which we have designed to 
reduce the consequences of serial correlation in our sequential testing scheme, does not 
require that the degree of nonnormality in the data will also be reduced. For many of the 
signals we have investigated at EBR-I1, the reduction in serial correlation is, however, 
accompanied by a reduction in the absolute value of the skewness for the residual function. 

To quantitatively evaluate the improvement in whiteness effected by the spectral 
filtering method, we employ the conventional Fisher Kappa white noise test. For each time 
series we compute the Fisher Kappa statistic from the defining equation 



where l(co k ) is the PSD function (see Eq. 14) at discrete frequencies co k , and 1(L) signifies the 
largest PSD ordinate identified in the stationary time series. 

The Kappa statistic is the ratio of the largest PSD ordinate for the signal to the 
average ordinate for a PSD computed from a signal contaminated with pure white noise. For 
EBR-II the power signal for the pump used in the present example has a k of 1940 and 68.7 
for the raw signal and the residual function, respectively. Thus, we can say that the spectral 
filtering procedure has reduced the degree of nonwhiteness in the signal by a factor of 28. 
Strictly speaking, the residual function is still not a pure white noise process. The 95% 
critical value for Kappa for a time series with 2 14 observations is 12.6. This means that only 
for computed Kappa statistics lower than 12.6 could we accept the null hypothesis that the 




(15) 
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signal is contaminated by pure white noise. The fact that our residual function is not purely 
white is reasonable on a physical basis because the complex interplay of mechanisms that 
influence the stochastic components of a physical process would not be expected to have a 
purely white correlation structure. The important point, however, is that the reduction in 
nonwhiteness effected by the spectral filtering procedure using only the highest eight 
harmonics in the raw signal has been found to preserve the pre-specified false alaim and 
missed alarm probabilities in the SPRT sequential testing procedure (see below). Table I 
summarizes the computed Fisher Kappa statistics for thirteen EBR-II plant signals that are 
used in the subject surveillance systems. In every case the table shows a substantial 
improvement in signal whiteness. 

The complete SPRT technique integrates the spectral decomposition and filtering 
process steps described hereinbefore with the known SPRT binary hypothesis procedure. 
The process can be illustratively demonstrated by application of the SPRT technique to two 
redundant delayed neutron detectors (designated DND A and DND B) whose signals were 
archived during long-term normal (i.e.. undegraded) operation with a steady DN source in 
EBR-II. For demonstration purposes a SPRT was designed with a false alarm rate, a, of 
0.01. Although this value is higher than we would designate for a production surveillance 
system, it gives a reasonable frequency of false alarms so that asymptotic values of a can be 
obtained with only tens of thousands of discrete observations. According to the theory of the 
SPRT technique, it can be easily proved that for pure white noise (such as Gaussian), 
independently distributed processes, a provides an upper bound to the probability (per 
observation interval) of obtaining a false alarm— i.e., obtaining a "data disturbance" 
annunciation when, in fact, the signals under surveillance are undegraded. 

FIGS. 6 and 7 illustrate sequences of SPRT results for raw DND signals and for 
spectrally-whitened DND signals, respectively. In FIGS. 6 A and 6B, and 7 A and 7B, 
respectively, are shown the DN signals from detectors DND-A and DND-B. The 
steady-state values of the signals have been normalized to zero. 
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TABLE I 



Effectiveness of Spectral Filtering for Measured Plant Signals 



Fisher Kappa Test Statistic (N= 16,384) 


Plant Variable I D 


Raw Si cm al 


Residual Function 


PumD 1 Power 


1940 


68 7 


PumD 2 Power 


366 


52 2 


PumD 1 Soeed 


181 


25 6 


PumD 2 Speed 


299 


30 9 


Pump 1 Radial Vibr (top) 


123 


67 7 


Pump 2 Radial Vibr (top) 


155 


65.4 


Pump 1 Radial Vibr (bottom) 


1520 


290.0 


Pump 2 Radial Vibr (bottom) 


1694 


80.1 


DN Monitor A 


96 


39.4 


DN Monitor B 


81 


44.9 


DN Detector 1 


86 


36.0 


DN Detector 2 


149 


44.1 


DN Detector 3 


13 


8.2 



Normalization to adjust for differences in calibration factor or viewing geometry for 
redundant sensors does not affect the operability of the SPRT. FIGS. 6C and 7C in each 
figure show pointwise differences of signals DND-A and DND-B. It is this difference 
function that is input to the SPRT technique. Output from the SPRT method is shown for a 
250-second segment in FIGS. 6D and 7D. 

Interpretation of the SPRT output in FIGS. 6D and 7D is as follows: When the SPRT 
index reaches a lower threshold, A, one can conclude with a 99% confidence factor that 
there is no degradation in the sensors. For this demonstration A is equal to 4.60, which 
corresponds to false-alarm and missed-alarm probabilities of 0.01. As FIGS. 6D and 7D 
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illustrate, each time the SPRT output data reaches A, it is reset to zero and the surveillance 
continues. 

If the SPRT index drifts in the positive direction and exceeds a positive threshold, B, 
of +4.60, then it can be concluded with a 99% confidence factor that there is degradation in 
at least one of the sensors. Any triggers of the positive threshold are signified with diamond 
symbols in FIGS. 6D and 7D. In this case, since we can certify that the sensors were 
functioning properly during the time period our signals were being archived, any triggers of 
the positive threshold are false alanns. 

If we extend sufficiently the surveillance experiment illustrated in FIG. 6D, we can 
get an asymptotic estimate of the false alarm probability a. We have performed this exercise 
using 1000-observation windows, tracking the frequency of false alarm trips in each 
window, then repeating the procedure for a total of sixteen independent windows to get an 
estimate of the variance on this procedure for evaluating the false alarm probability. The 
resulting false-alarm frequency for the raw, unfiltered, signals is a = 0.07330 with a 
variance of 0.000075. The very small variance shows that there would be only a negligible 
improvement in our estimate by extending the experiment to longer data streams. This value 
of a is significantly higher than the design value of a = 0.01, and illustrates the danger of 
blindly applying a SPRT test technique to signals that may be contaminated by excessive 
serial correlation. 

The data output shown in FIG. 7D employs the complete SPRT technique shown 
schematically in FIG. 8. When we repeat the foregoing exercise using 16 independent 
1000-observation windows, we obtain an asymptotic cumulative false-alarm frequency of 
0.009142 with a variance of 0.000036. This is less than (i.e. . more conservative than) the 
design value of a = .01, as desired. 

It will be recalled from the description hereinbefore regarding one preferred 
embodiment, we have used the eight most prominent harmonics in the spectral filtration 
stage of the SPRT technique. By repeating the foregoing empirical procedure for evaluating 
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the asymptotic values of cx, we have found that eight modes are sufficient for the input 
variables shown in Table I. Furthermore, by simulating subtle degradation in individual 
signals, we have found that the presence of serial correlation in raw signals gives rise to 
excessive missed-alarm probabilities as well. In this case spectral whitening is equally 
effective in ensuring that pre-specified missed-alarm probabilities are not exceeded using the 
SPRT technique. 

In a different form of the invention, it is not necessary to have real sensors paired off 
to form a difference function. Each single sensor can provide a real signal characteristic of 
an ongoing process and a record artificial signal can be generated to allow formation of a 
difference function. Techniques such as an auto regressive moving average (ARMA) 
methodology can be used to provide the appropriate signal, such as a DC level signal, a 
cyclic signal or other predictable signal. Such an ARMA method is a well-known procedure 
for generating artificial signal values, and this method can even be used to learn the 
particular cyclic nature of a process being monitored enabling construction of the artificial 
signal. 

The two signals, one a real sensor signal and the other an artificial signal, can thus be 
used in the same manner as described hereinbefore for two (paired) real sensor signals. The 
difference function Y is then formed, transformations performed and a residual function is 
determined which is free of serially correlated noise. 

Fourier techniques are very effective in achieving a whitened signal for analysis, but 
there are other means to achieve substantially the same results using a different analytical 
methodology. For example, filtration of serial correlation can be accomplished by using the 
ARMA method. This ARMA technique estimates the specific correlation structure existing 
between sensor points of an industrial process and utilizes this correlation estimate to 
effectively filter the data sample being evaluated. 

A technique has therefore been devised which integrates frequency-domain filtering 
with sequential testing methodology to provide a solution to a problem that is endemic to 
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industrial signal surveillance. The subject invention particularly allows sensing slow 
degradation that evolves over a long time period (gradual decalibration bias in a sensor, 
appearance of a new radiation source in the presence of a noisy background signal, wear out 
or buildup of a radial rub in rotating machinery, etc.). The system thus can alert the operator 
of the incipience or onset of the disturbance long before it would be apparent to visual 
inspection of strip chart or CRT signal traces, and well before conventional threshold limit 
checks would be tripped. This permits the operator to terminate, modify or avoid events that 
might otherwise challenge technical specification guidelines or availability goals. Thus, in 
many cases the operator can schedule corrective actions (sensor replacement or recalibration; 
component adjustment, alignment, or rebalancing; etc.) to be performed during a scheduled 
system outage. 

Another important feature of the technique which distinguishes it from conventional 
methods is the built-in quantitative false-alarm and missed-alarm probabilities. This is quite- 
important in the context of high-risk industrial processes and applications. The invention 
makes it possible to apply formal reliability analysis methods to an overall system 
comprising a network of interacting SPRT modules that are simultaneously monitoring a 
variety of plan variables. This amenability to formal reliability analysis methodology will, 
for example, greatly enhance the process of granting approval for nuclear-plant applications 
of the invention, a system that can potentially save a utility millions of dollars per year per . 
reactor. 

In another form of the invention, an artificial-intelligence based expert system 100 
(see FIG. 12) has been developed for automatically configuring a set of sensors A, B, C and 
D to perform signal validation and sensor-operability surveillance in industrial applications 
that require high reliability, high sensitivity annunciation of degraded sensors, discrepant 
signals, or the onset of process anomalies. This expert system 100 comprises an 
interconnected network of high sensitivity pattern-recognition modules 102 (see FIGS. 9-11). 
The modules 102 embody the SPRT methodology described hereinbefore for automated 
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parameter surveillance. The SPRT method examines the noise characteristics of signals 
from identical pairs of sensors 104 deployed for redundant readings of continuous physical 
processes from a particular industrial device 106. The comparative analysis of the noise 
characteristics of a pair of signals, as opposed to their mean values, permits an early 
identification of a disturbance prior to significant (grossly observable) changes in the 
operating state of the process. As described in more detail hereinbefore, the SPRT method 
provides a superior surveillance tool because it is sensitive not only to disturbances in signal 
mean, but also to very subtle changes in the skewness, bias, or variance of the stochastic 
noise patterns associated with monitored signals. The use of two or more identical ones of 
the sensors 104 also permits the validation of these sensors 104, re^, determines if the 
indicated disturbance is due to a change in the physical process or to a fault in either of the 
sensors 104. 

For sudden, gross failures of one of the sensors 104 or components of the system 100, 
the SPRT module 102 would annunciate the disturbance as fast as a conventional threshold 
limit check. However, for slow degradation that evolves over a long time period (gradual 
decalibration bias in a sensor, wearout or buildup of a radial rub in rotating machinery, etc.), 
the SPRT module 102 provides the earliest possible annunciation of the onset of anomalous 

■ 

patterns in physical process variables. The SPRT-based expert system 100 can alert the 
operator to the incipience of the disturbance long before it would be apparent to visual 
inspection of strip chart or CRT signal traces, and well before conventional threshold limit 
checks would be tripped. This permits the operator to terminate or avoid events that might 
otherwise challenge technical specification guidelines or availability goals, and in many 
cases, to schedule corrective actions (sensor replacement or recalibration; component 
adjustment, alignment, or rebalancing; etc.) to be performed during a scheduled system 
outage. 

The expert system 100 embodies the logic rules that convey to the operator the status 
of the sensors 104 and the industrial devices 106 connected to a SPRT network 108 (see 
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FIG. 12). When one or more of the SPRT modules 102 indicate a disturbance in sensor 
signals ( i.e. . the SPRT modules 102 trip) the expert system 100 determines which of the 
sensors 104 and/or the devices 106 are affected. The expert system 100 is designed to work 
with any network of the SPRT modules 102, encompassing any number of the industrial 
devices 106, process variables, and redundant ones of the sensors 104. 

In a most preferred embodiment, the expert system 100 is operated using computer 
software written in the well known "LISP" language (see Appendix B attached hereto). In 
this embodiment, the expert system 100 is divided into two segments which act as pre- and 
post-processors for the SPRT module computer code. The pre-processor section is used to 
set up operation of the SPRT network 108 and forge connections between the sensor data 
stream and the SPRT modules 102. The post-processor section contains the logic rules 
which interpret the output of the SPRT modules 102. 

The logic for the expert system 100 depends upon the grouping of the SPRT 
modules 102. Each of the SPRT modules 102 monitors two identical sensors 104 which 
measure a physical process variable. (See FIGS. 9-11.) The two sensors can either be 
redundant sensors 104 on one of the industrial devices 106 or separate sensors 104 on two 
identical ones of the industrial devices 106 that are operated in parallel. A group of the 
modules 102 entails all of the connections between the identical sensors 104 for a given 
physical variable on a group of the industrial devices 106. The number of the modules 102 i 
in a group depends upon the number of identical devices 106 that are operated in parallel and 
the number of redundant sensors 104 on each device 106 which observe the response of a 
physical variable. For instance, suppose the expert system 100 is to be applied to an 
industrial system which contains three identical coolant pumps (not shown). Furthermore, 
suppose each coolant pump contains two redundant pressure transducers and one 
thermocouple (not shown). This system 100 would be modeled by two groups of the 
modules 102. The first group of the modules 102 would connect the six total pressure 
transducers which measure pump pressure. The second group of the modules 102 would 
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connect the three total thermocouples which measure coolant temperature. For a given 
group of related sensors 104, the data from each of the sensors 104 are fed into the 
modules 102. Since the module 102 performs a comparison test between the two 
sensors 104, the tripping of both of the modules 102 connected to the sensor 104 (in the 
absence of other tripped modules 102 in the same group) is a necessary and sufficient 
condition to conclude that the sensor 104 has failed. Therefore, for a group of related 
sensors 104, the minimum number of modules 102 needed to enable sensor detection is the 
same as the number of the sensors 104 in the group. For the example discussed above, the 
number of the modules 1 02 in the first group would be six, and the number of the 
modules 102 in the second group would be three. 

In applications involving two or more identical ones of the industrial devices 106 
operated in parallel and equipped with identical sensors 104, the module 102 applied to pairs 
of the sensors 104 monitoring the same physical process on the respective devices 106 will 
provide sensitive annunciation of any physical disturbance affecting one of the devices 106. 
If each of the devices 106 has only one of the sensors 104 though, it would not be possible 
for the expert system 100 to distinguish between device degradation and sensor degradation. 
In this case, the primary benefit of the method would derive from its very early annunciation 
of a disturbance. For cases in which each of the industrial devices 106 is equipped with 
multiple, redundant sensors 104, the modules 102 can be applied to pairs of the sensors 104 
on each of the industrial devices 106 for sensor-operability verification. In this case, the 
expert system 100 not only provides early annunciation of a disturbance, but can also 
distinguish between device degradation and sensor degradation. Moreover, when the expert 
system 100 determines that the cause of the discrepant signals is due to a degraded one of the 
sensors 104, it can identify the specific sensor 104 that has failed. 

FIG. 9 illustrates the first stage of the expert system 100 processing for a simple 
generic application involving a single one of the industrial devices 106 that is equipped with 
triply-redundant sensors 104 for measurement of two physical variables. The expert 
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system 100 first identifies the minimum unique set of signal pairs that will be needed for the 
network of interacting modules 102. FIG. 10 illustrates a generic application involving two 
of the industrial devices 106 that are operated in parallel. For this example, it is also 
assumed that triply-redundant sensors 104 are available for measuring each of two separate 
physical variables. Once again, the expert system 100 identifies the pair-wise sensor 
combinations that it uses in building the conditional branching hierarchy for the module 
configuration. FIG. 1 1 illustrates a generic application involving three industrial devices 106 
that are operated in parallel. Triply-redundant sensors 104 for measuring one physical 
variable are assumed. The figure shows the pair-wise sensor combinations identified by the 
expert system 100 for building the conditional branching hierarchy. These figures also 
depict the three main branches for the logic rules contained in the expert system 100: a 
grouping of the modules 102 based on a single one of the industrial devices 106, two 
identical devices 106 operated in parallel or multiple (three or more) devices 106 operated in 
parallel. The expert system 100 however is not limited to only one of the three cases at a 
time. The industrial system 100 modeled can contain any number of independent single 
devices 106, doubly-redundant devices 106 and multiply-redundant devices 106. Each 
device group, in turn, may contain any number of redundant sensors 104 and any number of 
physical variables. 

The expert system 100 is implemented using a stand-alone computer program set 
forth in the previously referenced Appendix B. In operation after the program initialization 
information has been gathered, the computer program prompts the user for the name of a 
data file that simulates the real-time behavior of the SPRT network 108 connected to the 
system 100 including the industrial devices 106. The SPRT data file contains space- 
delimited data values that represent the status of a corresponding module 102. The 
module 102 has two states: a 0 (non-tripped) state indicates that the signals from the 
sensors 104 monitored by the module 102 have not diverged from each other; while 
a 1 (tripped) state indicates that the signals from the sensors 104 monitored by the 
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module 102 have diverged from each other enough to be detected by the SPRT algorithm. 
Each line of data in the file represents the status of a group of related modules 102 at a given 
time. Each line contains a list of 0*s and l's that correspond to the state of all the 
modules 102 in the group. The number of groups in the network 108 depends upon the 
number of groups of identical devices 106 and the number of process variables monitored on 
each group of devices 106. If the network 108 contains more than one group of related 
modules 102, the data file will contain a corresponding number of lines to represent the 
status of all the modules 102 in the network 108 at a given time. For instance, if a system of 
the industrial devices 106 is modeled by four SPRT groups, the output file will contain four 
lines of SPRT data for each timestep in the simulation. 

Execution of the program of Appendix B includes two procedures. The first 
procedure (SPRT_Expert) provides the instructions for the control of program execution and 
corresponds to the pre-processor section in an integrated SPRT expert system/SPRT module 
code. When executed, the procedure first prompts the user to specify the number of device 
groups in the application. A device group is a group of identical industrial devices 106 (one 
or more) that are operated in parallel and are equipped with redundant ones of the 
sensors 104. A device group can contain one or more physical variables. The program then 
prompts the user for the following information for each of the device groups: 

(i) The name of the device group. 

(ii) The number of physical variables in the device group. 

(iii) The name of the first physical variable in the device group. 

(iv) The number of redundant sensors 104 on each device 106 that measures the 
first physical variable. 

If the device group contains more than one physical variable, the program will loop through 
steps (iii) and (iv) to obtain input data for the remaining physical variables. The number of 
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SPRT groups in the application is equal to the sum of the number of physical variables for 
each of the device groups. Namely, 

N = I M 

"SPRT Group* ~ x 1 ¥ Pbyncd Vimbla, 

Once the program has collected the required data to set up the system, it prompts the user for 
the name of the SPRT data file. Execution of the program consists of reading the SPRT 
status values from the data file and evaluating the status of the devices 106 and sensors 104 
in the application, as inferred from the SPRT data. Program execution is controlled by a 
"do" loop. For each pass through the loop, the program reads the data which model the state 
of each of the SPRT modules 102 in the network at a given time. The SPRT data are then 
passed to the Analyze procedure. If any of the SPRT modules 102 in the application has 
tripped (re^, SPRT value = 1), the Analyze procedure determines which device(s) 106 and/or 
sensor(s) 104) are affected and reports their status. Looping continues until the end of the 
data file is reached, upon which the program terminates. 

The Analyze procedure contains the logic rules for the expert system 100. It 
corresponds to the post-processor section in an integrated SPRT expert system/SPRT module 
code. It is passed lists of 0's and l's that represent the status of the SPRT modules 102 at any 
given timestep of the SPRT program. The number of lists passed to Analyze equals the 
number of SPRT groups. For each SPRT group, the procedure converts the SPRT data into a 
list of tripped SPRT modules 102. From the list of tripped SPRT modules 102, the status of 
the devices 106, and the sensors 104 modeled by the SPRT group are evaluated. Based on 
the number of devices 106 and the redundant sensors 104 in a SPRT group, the expert 
system 100 can detennine which of the device(s) 106 and/or the sensors(s) 104 have failed. 
In some cases (e^, if the number of the tripped modules 102 is one, or if the number of 
redundant sensors 104 in a group is one), the expert system 100 cannot conclude that the 
device 106 or the sensor 104 has failed, but can only signal that device or sensor failure is 
possible. Within Analyze, the logic rules are encapsulated by three procedures: 
SingleDevice, for a SPRT group applied to a single one of the industrial devices 106, 
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DualDevice, for a SPRT group applied to two parallely-operated industrial devices 106; and 
MultipleDevice, for a SPRT group applied to a group of three or more parallely-operated 
industrial devices 106. 

The following nonlimiting example is illustrative of implementation of the expert 
system. 

Example 

The development of a network of the SPRT modules 102 for a general system 1 10 of 
the industrial devices 106 and the action of the corresponding logic rules are revealed by an 
example calculation. The system 1 10 of industrial devices 106 and a data file representing 
the transient behavior of the sensors 104 in the system 1 10 were created. A diagram of the 
system 1 10 is shown in FIG. 14 and contains two groups of the industrial devices 106. A 
first group 1 12 (identified as turbine devices) contains three of the identical devices 106. 
Each turbine is equipped with the sensors 104 to measure the steam temperature and steam 
pressure physical variables. There are two redundant sensors 104 on each turbine reading 
the steam temperature, while one of the sensors 104 measures the steam pressure. A second 
device group 1 14 consists of two coolant pumps. One physical variable, coolant flowrate, is 
gauged on each coolant pump by a group of four redundant sensors 104. The corresponding 
network of SPRT modules 102 for the system 1 10 is shown. Three groups of the SPRT 
modules 102 are required; with six of the modules 102 in a first module group for the steam 
temperature sensors on the turbines, three modules 102 in the second module group for the 
steam pressure sensors 104 on the turbines, and eight of the modules 102 in the third group 
of the modules 102 for the coolant flowrate sensors 104 on the coolant pumps. 

A complete listing of the output from the test run follows hereinafter. Input entered 
by the user is identified by bold type. From the PC-Scheme prompt, the program is executed 
by first loading it into memory, and then calling the main procedure (SPRT_Expert). After 
displaying a title banner, the code asks the user to specify the number of device groups in the 
network. 



WO 97/14105 PCT/US96/16092 

25 

[2] (load "SPRTEXPT.S") 
OK 

[3] (SPRT_Expert) 

SPRT Expert System Simulation Program 
Enter the number of device groups -> 2 

For each device group in the network, the program requests that the user supply the 
name of the devices in the group, the number of identical devices, the number of physical 
variables in the device group, and the names and numbers of redundant sensors for each 
physical variable. The input entered for device group #1 is: 

DEVICE NAME: 

Enter the name of device group number 1 -> TURBINE 
DEVICE NUMBER: 

Enter the number of devices in the TURBINE 
device group -> 3 

PHYSICAL VARIABLE NUMBER: 

Enter the number of physical variables in the TURBINE 

device group -> 2 

PHYSICAL VARIABLE NAME: 
Enter the name of physical variable number 1 
of the TURBINE device group -> STEAM TEMPERATURE 
SENSOR NUMBER: 

Enter the number of redundant sensors for the STEAM TEMPERATURE 

physical variable in the TURBINE device group -> 2 
PHYSICAL VARIABLE NAME: 
Enter the name of physical variable number 2 
of the TURBINE device group -> STEAM PRESSURE 
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SENSOR NUMBER: 

Enter the number of redundant sensors for the STEAM PRESSURE 
physical variable in the TURBINE device group -> 1 
The input entered for device group #2 is: 
DEVICE NAME: 

Enter the name of device group number 2 -> COOLANT PUMP 
DEVICE NUMBER: 

Enter the number of devices in the COOLANT PUMP 
device group -> 2 

PHYSICAL VARIABLE NUMBER: 

Enter the number of physical variables in the COOLANT PUMP 
device group -> 1 

PHYSICAL VARIABLE NAME: 

Enter the name of physical variable number 1 

of the COOLANT PUMP device group -> COOLANT FLOWRATE 
SENSOR NUMBER: 

Enter the number of redundant sensors for the COOLANT FLOWRATE 
physical variable in the COOLANT PUMP device group -> 4 
Once the input data for each device group have been obtained, the program displays a 
summary of the SPRT network, by identifying the SPRT groups in the network. 
The number of SPRT Groups in the simulation is 3. 
SPRT Group #1 

contains 3 TURBINE industrial devices 

with 2 STEAM TEMPERATURE redundant sensors. 

SPRT Group #2 

contains 3 TURBINE industrial devices 

with 1 STEAM PRESSURE redundant sensor. 
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SPRT Group #3 

contains 2 COOLANT PUMP industrial devices 
with 4 COOLANT FLOWRATE redundant sensors. 

The final input item required is the name of the data file containing the status values 

for the SPRT modules in the network. 
Enter filename for SPRT data -> TEST.DAT 

The analysis of the SPRT data is controlled by a do loop. For each pass through the 
loop, the program retrieves a line of data for each SPRT group in the network. Each block of 
data retrieved from the file represents the status of all SPRT modules in the network at a 
moment in time. The program analyzes each block of data to determine whether the SPRT 
status values imply device and/or sensor failures. 

In the test calculation, the first block of data retrieved from the TEST.DAT file is: 
000000 
000 

00000000 

Analyzing this data, the program reports that: 
Analyzing SPRT data set number 1 
SPRT Group #1: 
No SPRTs have tripped 
SPRT Group #2: 
No SPRTs have tripped. 
SPRT Group «: 
No SPRTs have tripped. 



WO 97/14105 PCT/US96/16092 

28 

The second block of data retrieved from the file contains some tripped SPRT 
modules: 

100000 

000 

0 1000000 

Since only one module has tripped in SPRT groups #1 and #3, the program can conclude 
only that some device and/or sensor failures may have occurred. The program identifies 
which modules have tripped and which devices or sensors are affected. 

Analyzing SPRT data set number 2 
SPRT Group U 1 : 

For the STEAM TEMPERATURE physical variable of the TURBINE devices: 

These 1 of the 6 SPRTs have tripped -> 

Al-Bl 

DEVICE NUMBER A OR DEVICE NUMBER B OF THE TURBINE DEVICES, 
SENSOR NUMBER Al, OR SENSOR NUMBER Bl MAY BE FAILING 
SPRT Group #2: 

No SPRTs have tripped. 
SPRT Group #3: 

For the COOLANT FLOWRATE physical variable of the COOLANT PUMP devices: 
One SPRT has tripped -> A1-B2 

ONE OR BOTH OF THE COOLANT PUMP DEVICES, 
SENSOR NUMBER Al OR SENSOR NUMBER B2 MAY BE FAILING 
In the third block of data, additional modules have tripped. 

100 100 
00 1 

0 1 100000 
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In SPRT group #1, two modules have tripped. Since both of the sensors on device A and 
both of the sensors on device B are affected, the code concludes that one of the two devices 
has failed. It cannot identify which of the devices has failed at this time though. In SPRT 
group #2, one module has tripped. The code concludes that one of the sensors or devices 
may be failing. Since both modules connected to sensor B2 in SPRT group #3 have tripped, 
the code concludes that sensor B3 has failed. 

Analyzing SPRT data set number 3 
SPRT Group #1: 

For the STEAM TEMPERATURE physical variable of the TURBINE devices: 
These 2 of the 6 SPRTs have tripped - 
Al-Bl A2-B2 

*** DEVICE NUMBER A OR DEVICE NUMBER B OF THE TURBINE 

DEVICES HAS FAILED *** 
SPRT Group #2: 

For the STEAM PRESSURE physical variable of the TURBINE devices: 

These 1 of the 3 SPRTs have tripped - 

Cl-Al 

♦ * * DEVICE NUMBER C OR DEVICE NUMBER A OF THE TURBINE DEVICES, 

SENSOR NUMBER CI, OR SENSOR NUMBER Al MAY BE FAILING *** 
SPRT Group #3 : 

For the COOLANT FLOWRATE physical variable of the COOLANT PUMP devices: 
These 2 of the 8 SPRTs have tripped - 
A1-B2 A2-B2 

**♦ SENSOR NUMBER B2 HAS FAILED*** 
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More modules have tripped in the fourth block of data. 

10 1 100 
0 1 1 

0 1 100 100 

Since three of the four modules connected to the sensors in device A of SPRT group #1 have 
tripped, the code concludes that device A has failed. In SPRT group #2, two of the three 
modules have tripped. But since there is only one sensor per device in this group, the code 
can only conclude that either a device or sensor failure has occurred. In SPRT group #3, 
three modules have tripped. The code concludes that one of the two devices has failed. 

Analyzing SPRT data set number 4 
SPRT Group #1: 

For the STEAM TEMPERATURE physical variable of the TURBINE devices: 
These 3 of the 6 SPRTs have tripped -> 
Al-Bl Cl-Al A2-B2 

*** DEVICE NUMBER A OF THE TURBINE DEVICES HAS FAILED 
SPRT Group #2: 

For the STEAM PRESSURE physical variable of the TURBINE devices: 

* 

These 2 of the 3 SPRTs have tripped -> 
Bl-Cl Cl-Al 

DEVICE NUMBER C OF THE TURBINE DEVICES, 
OR SENSOR NUMBER CI HAS FAILED ••• 
SPRT Group #3: 

For the COOLANT FLOWRATE physical variable of the COOLANT PUMP devices: 
These 3 of the 8 SPRTs have tripped -> 
A1-B2 A2-B2 A3-B4 

* • • ONE OR BOTH OF THE COOLANT PUMP DEVICES HAVE FAILED • * • 
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Notice that two of the tripped modules in SPRT group #3 implicate a failure of sensor B2, 
the conclusion reached by the analysis of the third block of data. But since an additional 
module has tripped, the code changes its conclusion from a sensor failure to a failure of one 
or both of the devices. Although the third module trip may be a spurious trip (i.e.. the SPRT 
modules have a finite false alarm probability) which would mean that the earlier conclusion 
still holds, the code conservatively concludes that none of the trips are spurious and decides 
that a device failure has occurred. The code assumes that no module trip is spurious, which 
causes the code to consistently pick the most conservative conclusion when more than one 
conclusion can be deduced from the data. 

The fifth and last set of data in the file contains additional module trips. 
111100 
] 1 1 

0 1100110 

The additional trips in SPRT group # 1 cause the code to conclude that more than one device 
in the group is affected. In SPRT group #2, all three modules in the group have tripped. 
Whenever all SPRT modules in a group trip, the code concludes that all devices in the group 
have failed: In SPRT group #3 the additional module trip does not change the conclusion, 
since the worst-case conclusion (i.e.. one or both of the devices in the group have failed) for 
the group has already been reached. 

Analyzing SPRT data set number 5 
SPRT Group #1: 

For the STEAM TEMPERATURE physical variable of the TURBINE devices: 
These 4 of the 6 SPRTs have tripped -> 
Al-Bl Bl-Cl Cl-Al A2-B2 

* * * DEVICE NUMBER B OF THE TURBINE DEVICES HAS FAILED * * * 
♦** SENSOR NUMBER CI HAS FAILED 

♦ • * DEVICE NUMBER A OF THE TURBINE DEVICES HAS FAILED * * ♦ 
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SPRT Group #2: 

For the STEAM PRESSURE physical variable of the TURBINE devices: 
All 3 SPRTs have tripped 

*** ALL 3 OF THE TURBINE DEVICES HAVE FAILED *** 
SPRT Group #3: 

For the COOLANT FLOWRATE physical variable of the COOLANT PUMP devices: 
These 4 of the 8 SPRTs have tripped -> 
A1-B2 A2-B2 A3-B4 A4-B4 

* * * ONE OR BOTH OF THE COOLANT PUMP DEVICES HAVE FAILED * * • 
Notice that the SPRT group #1, the code concludes that devices A and B have failed, but for 
device C it concludes that only one of its sensors has failed. For device groups containing 
multiple devices (re,, three or more identical devices), the code applies its logic rules to each 
of the devices independently. Since for devices A and B both of their sensors are involved, 
the code concludes that the devices have failed. For device C only the first sensor is 
involved, thus the code concludes that only the first sensor on the device has failed. The 
code reaches the end of the file after analyzing the fifth block of data, causing the code to 
terminate. For SPRT group #3, a failure of one or both of the devices is indicated, although 
the pattern of tripped modules can also be interpreted as a simultaneous failure of sensors B2 
and B4. The code indicates a device failure because concurrent failures of two or more 
sensors in a group is deemed to be highly improbable. 

While preferred embodiments of the invention have been shown and described, it will 
be clear to those skilled in the art that various changes and modifications can be made 
without departing from the invention in its broader aspects as set forth in the claims provided 
hereinafter. 
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i'nciMdx <sicio.k> 

■ I* * SOFTWARE APPENDIX fT 

{ 

TZ'^Z *falerr;. -rrpen<); 
Lr.z fricsel) . fpr^r.-f () ; 
s wJ-cic double afresh - *.6; 



ccubie ss.gi.siq2* sigj . sig*. sig5, sigfi ; 
double di«l,di*52.dif-2.diir4,<iiiis.^*** 



douisie c=.r Zi , - * ^ • « ' ~ZZ c ' ~- i dtaa- 

double sprsl. spr*2. sp="2 , spin «. spr* £ , spzxS, scr.l , cuas r . 
double pi. p2,c2. p4. p£.p6.?1 .p0; 
Lax totain - 0; 
ist num - 0; 

inz aia • 0: \ m 

dcubie vi # v2.v3, v4. va,vo; 
ccubie 211.1212.012.1114,1111.510; 
double sr=. gi.?2 f c2,ci, gs.gfi.g"; 
lcr.g seedl - 12; 
long seed2 • 23; 
lcr.g aeed2 - 27; 
lcr.g seed*. - 31: 
long seedf - S3; 
iang seedS - 12; 
ftxterr. void ncrrairsU; 
e:;zerr. void sprit); 



sazameisri needed ir. the prcgrara 



crinrf (-Snlaeut the sm:or failure maenads ST... ); 

\cxn£ ( M Mf" ,isfa) ; . • , , . w . 

«ist*<-\nl.?=uc tne v.riancza o£ aignai* 1..6 s.oarated by ccasai. ); 

Driflci(-\r.lr.put the mean of signals 1. . o J? ' 

"scan- ("%!£. U£. Sir, Mi. U£ M . imi . 4m* * *cj . *m4, <m£ f <ao], 



faiam * freer, falarr.s . 



. tl , i It 



v") ; 



rnr.cfC 

« m£ — •» — 

rpsincf 
fprinci 
rprincf 
sprints* 
f-rrintf 
frriacf 
cprint* 
fprinif 
fsrintf 



'\nPuczir.g initial stuff in flit."); _ 

,,,1. , « Vr r -s 1 'ability - ccnr^gurmcn V) ; 

(faiacia, w \n — " m ZZ~ 7777 

(faiarm, "\n£enrcr Failure mgnitude SKI - *1- . 5 frj) ; 
(raiazra. "\nSignai Al : mean =u-U.' variance v-*l< , ml. vll 
{faiara:. -\nSignai A2 : mean mu-*if 
(•aiarrv. H \nSignei SI: mean mu-tii 
it alarm. M \n5 ignai S2: mean mu-^li 
(faiarri. "\nSignal Ci: »ean mu-41f 
[i aiam. w \nS ignai C2: mean mu-^il 
(faiara. "\n \n \ft Vn"); 



variance v-%!£",m2, v2J 
variance v»*if " , mi , vj | 
variance v*^if M , v* ) 
variance v»-4i*" , vf 1 
variance v»%ii M ,mo , vo) 



while (nun < £00) 
I 

num I; 

aprtl - 0.0; 

$prt2 - 0.0; 

sprx3 - 0,0; 

sprt4 - 0.0; 
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sprt 5 m 0.0; 

spnS - 0.0; 
sprt? « 0.0; 
dumsprt - 0.0; 
Ai^t - 0; 
ca 
( 

nor^lsiUsicl, 4iig2, vi, v2.cl,m2, iseecl, iseei2) : 
r.crm3ij=>(£3ig2, isic« , vj, v< ,rii,c;«, i seec2, iseec-.) ; 
cc— s :_-n (i sig5 , isigo , v£ , vo,Ri; f cc ( £ aecci , is*€cc) ; 
ciiil - sigl - Sig2; 
diid2 • sig2 - sig*. ; 
diii 2 - sicr - sigt; 

sprt Csira, gl, thresh, ciiil, isprti. idumspri) ; 

sprr ( s raw c2 , tare sn f cii i 2 . £ spr t2 , £ cu.xs?rt ) ; 

sprt (sda, g3, thresh, cii£2, fisprzi, £dumsprt ) ; 
J whii« ( tsar^I < thrash) ii <sprt2 < thresh) ii (sprtj < thresh)); 
LI ( ( s-artl — thresh) || (sprt2 — thresh) II <s?ct2 — thresh) ) 
( 

print* ("Vnsprti-*!*, spr-.2-Ui, scrt 3-* li M . sprt 1 . ipr-^2. sprt2) ; 
ii (s^rzl ~ thresh) 

CO 

( 

if ((srrt2 < thresh) ii <sprt2 > -thresh)) 
( 

^cr:sir.(;s:::, £s.r«, vl , v- , /rJ , n«i , i£tscj ( ise-cll ; 
ci*12 - - iic«t: 

szr- (s;r;,g2. thresr.,ciii2. £srrt2. fifiu.-r.sprt) : 

) 

( ( scrt3 < shresh) £i lz~zz2 > -thres.u J 

( 

ncrnisint isigS, iaiga, v5 , vi f K ,r.a, iseedi. is*«C6) ; 
dili3 • s^gi - sica; 

•cr. (sin. g2, thresh, ciii 2 , £ sprt 3 , tdnscrt ) ; 

) 

) while ({ (srrz2<thr«sh) ii (sprt2>-thresh) ) I I 

( (sprt3<thr=sh) ii is?z~ 2>-thr»shi I) ; 
else ii (s?rt2 thresh) 
ca 

{ 

ii ((sprxl < thresh) ii (sprti > -thresh)) 

ncrrvrisUsicl. isic2 . vl , v2 . ci ,.t.Z , iseedl, iseecl) ; 
ciiil - sicl - sic2; 

sprt isia, gi, thresh, ciiil, tspni, idirtspr:: : ; 

) 

LI Usprt2 < thresh) ii (sprt: > -thresh]) 
( 

norxsijn(£sigt , £sic€, v; , v6, ai.no, iscedi , ise^cfi) ; 
diii"3 • sigi - sigo; 

sort isz-n, g3, tnresh, Ciri2, fiscrtl, £dumspr- ) ; 

) 

) while <( (sprtl<threshl ii (sprtl>-thresh) ) 11 

t (s?rt3<thresh) ii (sprt3>-thresh) ) ) ; 
else ii (s^rtu — thresh) 

* ii (isprt2 < thresh) ii (sprtl > -thresh) I 

1 ^ ' 

norms im( ts ig2, £sig4, v3, v^,nu,m4, 4 seed-:, fcseed4) ; 

diii2 - sig3 - sig4; 

sprt tsfm, g2, thresn, diii2, £ sprt 2, idurnsprt ) ; 
It ((sprti < thresh) ii (sprt! > -thresh)) 

^ocasiffUsigl, isig2, vl f v2,ml.m2, iseeci , i seed2 ) ; 
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«prslii»»« inrmah.c . ^ 

#T5— s-ar^l, rpr^2, ; 



do 

I 



ii ; jpri4 < tSiresft) 



( ■ * •> ->•> ** iseed2, SseedO ; 

diilS - « 4 ? 2 ■Jtrd'"« ir-r.!,^- 1 -" 
Lf tsen5 — thsssn) t— " *• 

else ls r i«Aw» scrz*. s-- ' • 

* 



( 

dc 



else ii Kt5«2 — t!:r«»s> «(»r«i 

i; ( s-p r- «. < thrmsn) 

" I 

cc 

[ , , -j tseedl . iseei^ 1 ; 

1 * «w, t -(s— 1 - -Ctaeafcl ti (scr-.l - -chreshl) 

else i.i l(»?=-3 - thr " M 

{ 

) wtail«U*pr*« < thresh) t- («ps- 
il lsprt6 < thresh) 
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s«t(sf=Jg7* * ^zl^li^.***^ 
} while U*or-. < thresn) " (s?rt7 > -tnres^j; 
ii (sort 7 ~ thresh! a in - 6; 



else ii (sortS — thresh) &1* * 5; 
x:ri.nti{ M \r.srrte-^li.srrr7-U* , \ s?rtS.scrt7) ; 

"cr-r.ti (" \nAiirr. - ic",*!*) ; 

) 

else tin - 7; 
i* (xla — I) pi l.C; 
ii <*i/a — 2) p2 1.0; 
i* (tlm — 3) p3 *- 1.0; 
i* < A lm — 4) p* " 1*0; 
i£ Cain — £) p5 1.0; 
if (aim — 6) pa 1.0; 
I* (aim — 7) p7 -r- 1.0; 
totalm +- 1; 

) 

1 

- oi/trtaim; 

1 - p2/tcuia; 
■4 - p4/tstai^; 
£ - ? 5/ to calm; 

6 - co/trtri^; 

7 - o7/t3taln; 

. _-»/*, i . — "V'Tsiricii rrscarilities :") ; 

....... I .a — —.. \— -w-- . ... _ , ..... »jm ». c ,l- 1 

--• r.z.z I fiitrrr.. "\n total n wrier c: ci.c..cs.— s »c , t-t3_...i 

rriat'tfilara. "\n PUlar.-r. I scundec) - ^-"/F; 1 / 

? =intr (faiara. M \n P(Mar= 2 sounded) - 

srint=lfala=r.."\n PJXiarm 2 sounced - \-- .9* . 

-=:r.-l [iilara. "\n ?(Xlir= « soundeo) - %i- . 

-r- z.-i ( *ala=r.. "\n P(Alar= J seuncscl - Mi",P-l; 

iri.-.t'liiiarav.-Nn P(Aiem 1 sou.-.cedl - \lz'\?D: 
riose (f alam 1 ; 



-- -.„-•-<- t K <s C ede ::r the nuclear plant data. t*o things neec to be 
changed~wben chancing c*y*: "e filename anc the title. The iii«a=s 
The filename to be chanced is a-- the t=? 0= the isUo-ine? code cn t.-.e 
-irst l'ne cf code (DO NOT C2ANGZ T2£ DIHTCTOR?] . The title to be 
chanced 13 on the 6th line cf code. To use the mean tor the current 
day, leav« all procures in as they are. To use Che mean of the 
day -an p-evicusly, comment cut the 7-3th lines o: code. This will 
cause the means of the data to fee read from a file created a-, the 
i a3 - _. n _ ta < . W4V ycu car. compare the wnole month by using the mean 
o£ the first* day. 'ou«ut is directed to the file • sprti? .1st' . to 
this file, the results of the sprt run including longest sequence cf 

■ failures and total number of decisions for each of the «i?nal pairs 

■ is output. Tie signal ?H=s « e cl " c2 ' c2 ' c *' eS-cS. c7-e8. c9-cil, 

- and cl0-cl2. In addition to the cumulative results oZ the run. the 

- S?RT1 and SPM2 values at each data point are also given (to resoye 

- this feature, erament out the '?roc print' proceoure on the last line 
' of the macro) . 

written by Kristin K. Hoyer 

filename sprtiii ' -hoyer/data/f?/sprtvais . 1st' ; 
lihname datlib '-hoyer/data/£7' : 
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cc m*ans mean nocrinc; u l2 cl j. e i! 5 clo cl" 

var cl c2 e3 e4 cS «e' c* e. c. 

OUep ^3^£T^5 1S-B17 ode B19 B20 -21 .22: 
i - 1; 

sec datlib. r?me4ns point-:.: 

dilil - cl-al-(c2-a2 l ; 
cii.222 • cl-f*2~ (c3-m2) .* 

cii=4 - c:-ia5- (cS-mfi) ; 
ci-i* - c7-aw- (c3-md) ; 
di**i • c9-m9- (clO-alO) ; 

m cii-mll- (cl2-*l2) ; 
di'zS - c!3-«l3-(cl4-«14) ; 

dl'^O - c!7-T.l7-(cl3-3ia) ; 
cZ^*^ - cl9-=l?-(c20-fl20) ; 

^^l^^^-^hilii, di-«-'5 ciii3 ci» = 

*" P d 7"--T 3 diiiil cifi!2; 
?r= c «ear.s^el«-.i|nal i v.r «?.= f^ ;;; ^-7 cifiS cil.'iS c:::10 

va " dl«ti alii::; v , v< v5 wi w , va v« vie v-: •/-.: 

cau s-<piai; set sigr.&i; 

set" d*ai^.ir vtrs 
srruL - * .S-vVO .5: 
s fe2 - 2 .5*v2**0 .£; 
sln3 - 2.£-v2"0.£; 
afs4 - 2.£-vM"0.£: 
slmi - 2.£-v£*-0.£; 
srao - 2.£'v6-*0.£; 
srri7 - 2.£*v7~ 0.£: 
ainfi - 2 ,£*v8"0 .5; 
**3iS - 2.5*v9"0.£; 
siniO « 2.£*vl0**0 .1; 
si^ll - 2 . £ *vLl »*0 . £ ; 

- 2 . £*vi2 . £ ; 
ou^^ut ; 






lure nvt^n 

variablt thresh (U the S7RT t- tne 

desired velue . 



macro dolsvrz 

g-siai/v: 

thrsh - 6.9: 

wndw - 50000; 

t£ (_N_ - 11 then do; 

r«*JLi sf«I G; retain sort- 0. 

retain faiil 0;retain ca^2 <>• 

cec&in fiiilFt 0; 
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rec*in £j%qpt 0; 
rac&iA fails ac 0; 
retain £10; 
zttAin £2 0; 
r«tain flpt 0; 
regain £2pt 0; 
end; 

rttiin ypl;r«c*in yp2; 

IMC1 C* ( (SFM/2 I -"£) ; - -C* ( (S7M/2) -T) ; 

(ypl>- thrsh cs ypl<- -thrsh) then srrzi - incl; 

else sprtl - ypl ^ incl; 
ii (yp2>- thrsh or yp2<- -thrsh) char, sprt2 - ir.c2; 

else *?rz2 - yp2 - inc2; 
vai - sprt.I;yp2 - sprt2; 

ZT S7RT1<— thrsh THEN SPRTl—thrsr. ; IT Sr?.T2 <- -thrsh THZ:i SPR72~thrsh 

IT S3RT1>- thrsh THEN SPRTl-thrsh; 

IT S?RT2>- thrsh THEN 1 SPRT2-thrsh; 

17 (SPRT1 >- thzsh) THEN TRIPH1 - L; 

IT (SPRT2 >- thrsh) THEN T3IPK1 - 1; 

ZT (SrRTl <- -tarsft) TKE:i T£IrE2 - 1; 

IT (SPR72 <- -thrsh) THEN TRI2K2 - 1: 

ZT (SPR71 <• -thrsh) THEN £1 - 0: 

ZZSZ ZT (SrRTl >- thrrh) THEN 00: 

71* iiiil - I ; 

:? (ri - u tzz:i r:?T - x ; 

tND; 

Z1SZ 00; 

T1?T - iz-ll-z: 

END ; 

ZT (SPRT2 <- -thrsh) THEN il - 0; 
ZZSZ IT (SFRT2 >- thrsh) THIN DC; 
F2 - fai!2 <r l; 
I? ("2-11 THEN 72PT - _N ; 
END; 

ZI.SZ DO; 

72 - £*ii2; 
F2pt - fa,112pc; 

END; 

I? (Tl >- FAILSZQ) OR (72 >- FAIISEC) THZ"-! CC ; 
17 {71 >- 72) THEN DO; 

7AI-£IQ - FI;FSSQPT • "1?T;SND; 
ELSE CO;FAll£EC - 72;7£Z3PT - 72? 7; END; 

end ; 

£131 D0;7XIL£ZQ ♦ 0 ;7SZCP? - 0 ; 3ZfO ; 
iiill — fl;fail2 • f2; 
faillpt -~n?t;xail2ct - £2pt; 

CUT I; 

VAX - MOD ( N ( wndw] ; 
17 VXL - 0~OR ZOr THIN 00; 
nil PRINT; 
ZT (CNT > 0) THEN DO; 

FREQE1 - TRIP SI / CNT; 
FREQH2 - TRI7H2 / CNT; 

TOTH1 + FR£QH1;TQTK2 - FREQ112;TOTC:rr * 1; 
TH1 - TOTH1 / TOTCNT; TS2 - T0TS2 / TOTC:*T; 
ADDTRI? - FREQKl«rFREQS2;AD0T-THl+TH2; 

ALPH1-T0TH1/ (TOTH1+TOTX2) »100.0; BZT1 - TCTH2 / (TOTHl*TCTH2) ; 
POT ' TRIPPING FREQUENCY- WINDOW SIZZ: ' CNT/ 

El TRIPPING rRZQOENCY / OBS ZRVATI ON (-> FAILURE) : ' FRZQH1/ 

H2 TRIPPING FREQUENCY / OBSERVATION (•>NQRKX£.) : ' FREQH2/ 
' CCMSINED TRIPPING FREQUEilCT PER OBSERVATION ; • A0DTRIP/ 

LONGEST SEQUENCE OF FAILURE OECISIONS : ' FAILSZQ/ 

' DATA POINT AT WHICH SZQUENCZ FIP.ST OCCURRRED: ' FSEQPT/ 

PERCENT TIME A FAILURE HODE SZLZCTED : * AL?Hl// 
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tsiahl - O.-triphl 
LVD; 



- O.'.c... • u • — - 



ND ; WA - -.* c hl trich2 iaiisec fs»«t; 



:rcc r.e&ns metr. nocr 

cu»-u» cue - cu,.— y ♦ 



data; set signal; 
sec end-SlQF; 

do2s?rt 



%mAC=o fcurrec; „r— 0 r C 2tfCS~I0M/MCOMST*LC :;; ON / 

/* sas coci .-wR .a*. s? : --..-« r . w dlM ttStaq the / 

/. Th.s « cso ""^Z^i^ic^cllxted from the pcw.r spectral / 
highest K4 Fourier «ce« (c..cjx ^ 'kris' -n ;ne 

density). re -° 3 *~ u _ _* , * call-'-' ' 



/ 



/• esnecy). — <datiir-' 

/- SA£ Library a^gr.ec t.. e ---- _ ^ f , i± 

/• mc dices the c-..s~- va-ia^i* ccce nurjrer . 

/- r«3M-'wh«i *»« 5«"-:- t; crc iiso perils a •/ 

/• Soch :iie 3 are SAS cataset,. ^/^l^s c< the cr.c^al •/ 
/• richer Kapca Whites- o.. c — p ' •/ 

/* and residual data. ?. 0 vcr 

e- 1 c- sceec up the */ 
0.1** a number c' - rC"- c. - . 

/* spectra pracedurs - *-l».a< 

- ~ e-e* p s vhitetast; 

rroc spectra da.ta-c-1 a.*— a 

* var trawdit; e 0= - tv descending F^c cc cet / 

crcc sort d»w-w?tc oui-tcr.i?tc; ^ ^ SRi::ftK periodic* •/ 

bv descending p_Ql sj- 
da.ta*datiib.6iset; 

set cAtii25.3t=is; w 
5^ - n_ - 1; /• Use S highest ?sc va_3 

do 4M*rI; /- access -ih Fourier c:t:' 

set sortspec point-i; aa c Srsc anc recenstr- •/ 

i - 1} then pow«r-c.s - oi/..y- /9 rh6 curve . */ 

else do; 0 ,. rJl!rlC . oin) -sin.01 -sin (zrec-Tninl ; 

power-cower * cos^o- c-ai--». 

«nd; /• TouriQr curve • power •/ 

end; /• residual - noise •/ 

nan - min'l. 0/120 .0; 
noise - trawcat - power; 
keep min power trawdat rxise. 
output; 

vax noi-se; 
data newpsd; 
act newpsd; 
p res - p_01; 
keep p res ireq; 
data datlib.tspecset; 
merge newpsd tspec; 
by Creq; 

keep tree p_01 P_ces: 
%mend Courrec; 
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/ * ' 

%macr?o ftddrin; 

/• ^<s cacro *dcs Gaussian randoc; noise to the Fourier curve -/ 

'©ever' to create the reconstructed curve ':ecor.j' wtc: the •/ 

/• sir.* aean ar.c variance as the original curv, 'r*wcif. •/ 

' -^e * dataset shruic come frm tr.e library with •/ 

/• 'ibrei' -"'datlib' , tr.c tr.e dataset r.«e should be assicr.ee •/ 

/• 7with"e eiacrc) the the reference name 'dset' */ 

c~c trains <±ata-datlib.£dsat var nocrir.t; /• G*t :hi vi-iuet ct the 
P *"var noise; '* r.sicuai -action 

output, out-tworit var^sigraasc; 
data datlii.fcdset; 
i-l; 

set datllb . idset; _ ■ • . . 

set twerx pcint-i; ^"'T^ -^w^™ 

recens - sigmasc-0 . 5 Tanner (2) - newer: /-ar.c id- tc rower 

<teeo nir. fcrawdat pewer seise rscsr.s; 
croc iear.s data-catiii . ics.c =**n v*= s»««na«* xurtosis rtir. 

tcsnd addran; 



/ 



\macro nczmtst (r.-x) ; 



/ 
/ 
/ 
/ 
/ 
/ 
/ 



This nacr: tests the r.smaiity of the cata x 
passed as a carar.ecer. The metrxes usee are 
the O'Agcstika Pearson K~2 test :=r t.ie 3rd ar.c 4t.. 
mcrsents ar.c the Kcir.ogcrov-Smirr.ov cast. 
The iaout dataset ihouid eerie Crrr: tne library wit.- 
librei* - 'datlib' , and the datsset narr.e shcclc be essig: 
(with a macro) the the reference r.ane 'dset' 



/» Written by Kristin Hoyer 

data tucrk; 

set datlib. idsat; 
crrc means data-tverk n miss sitevness Veneris str r.:?::.... 

output' out -ttats n-n skeuness-sii k-rtcsis-< rtd-sir=a; 

/» Compute che skew contribution t= t.-.e cast states.— / 
/* according the Jchnson Su acprcxir^aticn 
data skew; 

set stats; ^ , 

v • ak*( (n^U w (xitS)/ (S.0»(n-2) J 1 "0,5; 

beta2 - 3- (n-n^T-n-lOl • (n*ll • / ( <n-2) • («tS) • - (n.5) ) ; 

wscr - -1.0 * <2.0Mbeta2 - X.0)J"0.S; 
delta - 1.0/ (0.5-leg (user)) "0.5; 
alpha - (2.0/twscr - 1.0))"0.3: 

x -delta- lociy /alpha - ly-y/ (alpha-alpha) - 1.0) -0.5); 

xsqrbl • 

keep xacrbl sk; 

/» r? Cootpute the kurtosis contribution co the test statistic •/ 
/* 4,ccordi--.g to the xnscomae and Glynne Xpproximacion V 
data ku re- 
set stats; m tt 
k- (k+3.0*(n-l)"2/(<n-2)Mn-3))> ; 

b2bar - 3.0- (n-1) / (n^ll ; 

vaxb2 - 24.0-nMn-2)Mn-3W((n*U"2 • <n«-3) -(n-sn ; 

x - (k - b2bax)/varb2«Q.5; ..... c , 

beta - 6.0Mn-n-5^2)/l^7)-(n+9))-(6.0-{nr3)Mn,;i 

/ (n* (n-2) * (n-31 ) ) "0 .5; 
a - 6.0+e.0/betaM2.0/b.ta * Cl.0^.0/ h«a--2 )«0.S); 
dum - (1.0-2.0/a)/U.O*x-C2.0/la-4.0n«O.S); 



•/ 
•/ 
-/ 
'/ 

/ 

7 
7 
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i* (dam < 0.01 then d.. J - 

• -™ 0 - 2.0/(9.0**) - dum3; 
! . / (2.0/ (9 .0*1) ) "0.5; 
xsrrb2 - t-2; 

keep *scrb2 3c; ..,._*/ 
output; .. 4 . C w. jcuizs wirt 2 decrees of frttcc, / 

/• G*t test Statists. ^- — c — *• 

ciwt r.uli_; 
file prir.t; 
m«rcV skew ku:rt; 
ksar - xscrbi - xsqrr2: 

alpha - prsbcfci 11 ' , r , -a**// 

cut '0 Xgostino ?earscr. results .or 

"' sitew ' S" 

'Xurtosis- i" 
'Test value ' xscr// 

. ' aloha; . 
'Mpm . ^^..uv *iset somal; 
proc univariate data-ca 

var ix; 
Hmend n o rr^t st ; 



%macrc runs (r-r) ; 

* or t>- variable = — dec*rriac •/ 

> perils i '^'"il "C^ecx^r for •/ 

Latior. ir. K^znssLzr. Rts.-u.-s ^ 

_ _ .....ir •hcuic come c--k» • . «/ 

it dat*s«c - ncu -- name snculd be ass.cr.i- / 



/* 


T>.is mac 


/* 


autoccrr 


/» 


Autccsrr 


/• 


The i" 


/* 


ilbrei 


/* 


<uiti: 


/■ 




data 


null ; 



Wzict="n by Kristin fcoyer 



file orint; 

set end-eof ; /-Gee negative and positive rur.s 

if tr*. then coto miss; ^ massing values. 

ez-*r>-0; 

nc-pr ; 
nn-r (1-pr) ; 

i* pr ne Lag(p=> tr.er. r-..s i. 

a^ss: if «oi tiien da; ^ ^ te3 _, // 

put ' * runs// 

'Number of Runs ' , nr.// 

number of Negative , nc; 

•Number of Positive Residuals 
/• Calculate the X Statistic 

u-2*nn*np/ (nn-mpl . , ( (nn * P .--l) • <nn+np) "2) ) ; 

s-scrt {2-nn*np- (2«nn'np-nn-flr> / | nnTr -- 
m- ( runs - . 5 ) / s ; pc-?r obnoxa (r? . 

'Test for negative autocorrelation / 

*X- ' sn 'prcb > X- f P ft; 

cad; 
%mend runs; 

%inciude macros; 
%let dset*teconsI4; 
%let rawdat»c!4; 
*let specaic-psd!4; 
%let «l - 10 
^fouxrec 
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%addrtn 

%no=ti*<x - 4ra«dAt) 

«orL*na d*M-d«».id«* mean nopnnt. 

var trawdax; /w c ^ t t fc e residuals needed •/ 

ouipu- cuz-tvorlc mm ar.-rau; /v £=r - h . * si^n' nuicrc 

dita; 

sec cUwi.idset; 

t-I; 

set twork point*!." 
r» firawdAt - au; 
res-noise; 
keep t rsa; 
output ; 

*xuns (r-ces) 
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APPENDIX B 

•Listing of the SPRTEXPT.S File 



S?RT_Exp*rs Procedure 



t * 

* ■ 

# * » 



SPRT Expert Procedure 
(define <SPRT_Expert) 

• ■ Ret-ieveData Procedure - This incernal procedure retrieves the SPRT data 
from the specified DacaFile. The procedure reeds the next NLines lines 
from the file. The procedure is recursive, it decrements NLines until 
' • NLines reaches 1. If the end-of-Cile is reached during the data re- 

crieval, the eof character is added co the end of the list recurned by 
;; the procedure. The procedure returns the NLines read as a list, 
(define RecrieveDaCa 

(lambda (NLines DataFile) J %1 _ 

(let ( (CurrentLine (read-line DacaFile))) ; Read next line in DataFile 
(i£ (eof-object? CurrencLine) ; If *oi reached, return eoc 

CurrentLine s character. 

(if (eq? 1 NLines) ; I* Nlines read, return null, 

disc (Chars -co- Lis c (string- list CurrentLine))) 
(cons (Chars -co-List (string- list CurrentLine)) 

(RecrieveData (- Nlines 1) DataFile) )))))) 

Chars-to-List Procedure - This incernal procedure recursively converts a 
' ■ list of characters that contain embedded 0 and 1 characters into a list 
Y; of 0 s and 1 s. Any other character than a 0 or 1 is ignored, 
(define Chars -to-List 

(1 («£ E!i Chars) U) ; If end of list, return null, 

((char-? (car Chars) SO) ; Add 0 co list. 

(cons 0 (Chars-to-List (cdr Chars))) ) 
((char-? (car Chars) S 1) ; Add l to list. 

(cons 1 (Chars-to-List (cdr Chars))) ) 
(else (Chars-to-List (cdr Chars))) > ) ) 



;; Eof -List? Procedure - This incernal procedure searches a Use *|ea«M by 

•• element for the eof character. It recurns true if the end-of-file char- 

Y accer is found, or false if the list does not contain the eof character, 
(define Eof -List? 

(lambda (Lsc) . » 

(if (eof-oblect? Lst) ? I* the current object is the «o. 

$ c ; character, then return true. 

(if (null? Lac) ; X* the list is null, 

(j ; return false. 

(Eof -List? (cdr Lsc) ) ) ) ) ) 



LiscTrippedSPRTs Procedure - This internal procedure processes the list 
of SPRT data for a pass chrough che main do loop. Each element of the 
list contains the SPRT daca for an independent group of SPRTs. Each 
element of the list is processed by the internal FindSPRTs procedure, 
which -eturns a list of numbers where each number reprsencs che SPRTs 
thac have tripped [i.e., equal to ll . Thus if the following list of 
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* * 

* ■ 

* * 



SPRTs is passed to FindSPRTs: [0 1 0 0 0 1 0 1] , it would return tk* 
following list: (2 6 8J . Cne 
(define ListTrippedSPRTs • 

Main body of ListTrippedSPRTs 

This pro c ion of the procedure passes each element of SPRT List to 
FindSPRTs and returns a list of the results from FindSPRTs 
(lambda (SPRT List) 
(if (null? SPRT List) 
0 

(cons (FindSPRTs (car SPRT List) 1) 

(ListTrippedSPRTs (cdr SPRT_List) ) ) ) ) ) 

FindSPRTs internal procedure : 
(define FindSPRTs 
(lambda (Lst I) 

(cond ((null? Lst) ()) ; Return null if end of Lst is reached 

( (eq? (car Lst) 1) ; If SPRT is tripped, 

(cons I ; add number to output list. 

(FindSPRTs (cdr Lst) (* I 1) ) ) ) 

(ftlae ; If SPRT has not triuoed, ionore 

(FindSPRTs (cdr Lst) (+11)) ) ) ) ) 



/ 4 
m a 

* * 



DisplayGroup internal procedure: 

This procedure displays the input data for each SPRT croup, 
(define DisplayGroup 
. (lambda (GroupDaca Count) 

(if (null? (car GroupDaca) ) 

0 ; Recura null ac end of GroucDaca lisc. 

(begin 

(newline) (display SPRT Group 5 ) (display Count) (newline) 
(display contains ) (display (caar GroupDaca) ) (display ) 
(display (caddar GroupDaca) ) 
(if (eq? (caar GroupDaca) 1) 

(display industrial device } 

(display industrial devices ) ) 
(newline) (display wich ) (display (cadar GroupDaca) ) 
(display ) (display (car (cdddar GroupDaca) ) ) 
(if (eq? (cadar GroupDaca) 1) 

(display redundant sensor. ) 

(display redundant sensors . ) ) 
(newline) 

(DisplayGroup (cdr GroupDaca) (* 1 Count) ) ) ) ) ) 



• * 



Main body of the SPRT Expert Procedure. 
First ( intialize local variables, 
(let ( (NSPRT_Groups 0) (NDeviceGroups 0) (NVariables 0) 
(KDe vices 0) (NSensors 0) (Count 0) 
(DName ) (VNeme ) . 
( InputFile ) ( InoucPort ) 
(GroupDaca (}) (SPRT_Data (}) ) 



4 $ 



Print program title, 
(newline) (newline) (newline) 

(display SPRT Expert System Simulation Program ) 

(newline) (newline) (newline) 

;; Query user for number of device groups to be analyzed, 
(display Enter the number of device groups - ) 
(set! KDeviceGroups (string- number (read -line) e d) ) 



Start do loop to input data for each device group. 



WO 97/14105 



PCT/US96/16092 



45 

(do < (II (+11)) ) 

( ( NDeviceGroups Z) #c ) 
;; Body oC do loop, 
(newline) (newline) 

(display 

(newline) 

Query user for device group names . 
(display DEVICE NAME: ) (newline) 

(display Encer che name of device group number ) (display I) 

(display - ) 

(sec! DName (read-line)) 

(newline) , , . . , _ 

• • Query user for the number of independent devices in the group, 
(displav DEVICE NUMBER: ) (newline) 

(display Encer the number of devices in the ) (display DName) 

(newline) (display device group - ) 

(sec: NDevices (string- number (read-line) e d) ) 

(newline) ...» . , . 

• - Query user for number of physical variables in device group, 
(display PHYSICAL VARIABLE NUMBER: ) (newline) 

(display Enter the number of physical variables in the ) 

(display DName) (newline) (display device group - ) 

(set! NVariables (string- number (read-lme) e d) ) 

;; Start do loop to input data for each device /physical variable 
; ; group . 

(do ( (J 1 (* J 1) ) ) 
( ( NVariables J) St ) 

;; Body of do loop. 

(newline) 

Query user for physical variable names, 
(display PHYSICAL VARIABLE NAME: ) (newline) 

(display Encer the name of physical variable number ) 

(display J) (newline) 

(display of the ) (display DName) 

(display device group - ) 
(set! VName (read-line) ) 

(newline) , . 

;; Query user for che number of redundant sensors m the group, 
(display SENSOR NUMBER : ) (newline) 

(display Enter the number of redundant sensors for the 

(display VName) (newliae) 

(display physical variable in the ) (display DName) 

(display device group - ) 

(sec! NSensors (string- number (read-line) e d) ) 



* • 

9 $ 



Increment the number of SPRT groups . 
(set! NSPRT_Groups (♦ NSPRT_Groups 1)) 

Add SPRT group input data to the GroupData list. 

(set l GroupDaca (cons 

(list NDevices NSensors DName VName) 

GroupDaca) ) ) ) 

Reverse the order of the GroupData list so that ic will be consistent 
with the SPRT data, 
(set! GroupData (reverse GroupData)) 



. 4 
I * 



t t 



Display SPRT network data, 
(newline) (newline) 
(display 

(newline) (newline) 
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(display The number of SPRT Croups in che simulation is ) 
(display NSPRT_Groups) (display . ) (newline) 

; ; Call DisplayCroup to display che input variables for each SPRT 
(DisplayCroup GroupData l) 
(newline) (newline) 

(display t *t+*t++t^w*t*t++-H-i.+w+++^ttTtttt*+^^^ttt**t+*T 
(newline) (newline) 



; ; Query user for che name of che data file thac contains che SPRT daca 
(display Enter filename for SPRT daca ) 
(set! InputFile (read-line)) 

Open SPRT daca file, 
(set! Input Port (open- input -file InputFile) ) 

Enter main do loop, which retrieves all of the SPRT data written at 
a cimestep. For each timestep of the SPRT program, a number of lines 
of daca are written co che daca file. Each line contains the SPRT 
datA (0 a and l a] for an independent group of SPRTs . The number'of 
lines written during each Cimestep thus equals NSPRT Grouos . 
(do ( (InpucData (RetrieveData NSPRT_Groups Input Port) " 

(Retrieve-Data NS?RT~Groups Input Port) ) ) 
( (Eof-List? InpucData) (newline" (newline) 
(display End of ) (display InpucFile) 

(display reached S?RT_Expert terminates. ) (newline) ) 
Main body of the do loop. 

Oodate count, which counts the sets of SPRT data written to the 
file. 

(set! count (♦ count D) 

Convert the SPRT daca for this pass chrough che loop co a list of 
tripped SPRTs [i.e., SPRT • 1) . 
(sec! SPRT_Data (ListTrippedSPRTs InpucData)) 
(newline) ~ 

(display ; 

(newline) (newline) 

(display Analyzing SPRT data set number ) (display count) 
(newline) (newline) 



. * 



* • 

t i 



;; Call the SPRT data analysis procedure. This procedure analyzes 
;; che lisc of tripped SPRTs. Each element in the list consists of 
;; lisc of cripped SPRTs. There are NS?RT_Groucs elements in the 
; ; list - one for each corresponding group"of independent SPRTs . 
(Analyze GroupData SPRT_Data lj 

; ; Pause che screen so that the user can read che resulcs for Che 

current bloc)c of daca. 
(display Hie che enter key Co analyze che next ) 

(display block of daca ) (newline) (read-line) (newline) ) ) ) 

; End of SPRT Expert Procedure 
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Analyze Procedure 



Analyze Procedure - This procedure contains the logic rules for the 
SPRT Expert System Simulation program. 

(define (Analyze GroupList SPRT.List GroupCounti 

~ - ~~*~mA„rm - This internal procedure controls the flow of 
S^cTa^SysIs It il%«"^-i^puc daw and the list of tripped 
Iprts for rjrouo of independent SPRTs. Depending upon the numo.ro* 
"vices in the group. AnalyzeGroup calls a procedure wmch perrorns the 
actual analysis o£ the data, 
(define Analyse Group 

(1 ^Sla^ P SPRT S Group C n (disolay Count) (display :) (newline) 
display SPR.aroup, i number of devices is l. 

<C ° nd 1 (if (null? Si ; " *° SPRTs have tripped. 

^"(disolay No SPRTs have tripped. J (newline) (newline) 

,< j • ; return null. 

(SingleDevice (cdr Inputs) SPRTs) > ) _ 
(car incuts) 2) ; The numoer of aevices is 2. 

(If" (null? SPRTs) ; I* no SPRTs have trippeo. 

(b< (diSi3lay No SPRTs have tripped. ) (newline) (newline) 

,) j ; return null. 

(DualDevice (cdr Inputs) SPRTs) ) ) 

iuu»"« ; Tne numi3er 0 f devices - 3. 

(if (null? SPRTs) ; « oo SPRTS **** "ipped. 

<b< (di^plav No SPRTs have tripped. ) (newline) (newline) 
. ,| I ' ; return null. 

(MultiDleDevics Inputs SPRTs) ) ) ) ) ) 



• • singleDevice procedure - This procedure contains the lcgic for the 
•'; analysis of a SPRT group which has 1 device, 
(define SingleDevice 

(lambda (InputData SPRT_Data) 



• * 

i i 



rirs? re"te4=rar? a "kables to extract the data from the InpucData 
, , list and the number of tripped SPRTs. 
(let ( (NSenaors (car InputData) ) 
(DName (cadr InputData)) 
(VNeme (caddr InputData) ) 

(NSPRTs (length SPRT_Data) ) ) cpo Ts 
■ . The logic depends upon the numoer of tripped SPRTs. 

icond (( - ""g.^ 3 or ^ SPRTS ^ve tripped First write 

message showing current device and pnysical variable. 

becin I wrlte thiS »e«»9*< 

(displav All ) (display NSPRTs) 

(display SPRTs have tripped J ) 

(begin » or « wrice thiS Bes "S e - 
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(display These ) (display NSPRTs) (displav *u % 

(display NSensors) (display SPRTs have trinced i ) 

(new line) . - * } 

(DisplaySPRTs 1 NSeasors SPRT Daca) ) ) 
w« conclude chac the device has~f ailed. 

(newline) (display THE ) (display DName) 

(display DEVICE HAS FAILED ) (newline) 

(newline) ) 

( (eq? NSPRTs 2) 

;; In this case, 2 SPRTs have tripped. First write 
; ; message showing current device and physical variable 
(display For the ) (display VName) varxanie. 
(display physical variable of the ) (display DName) 
(display device: ) (newline) 
;; List the tripped SPRTs . 

(display These 2 of the ) (disolay NSeasors) 
(display SPRTs have tripped - " ) (newline) 
(DisplaySPRTs 1 NSensors SPRT_Data) (newline) 
;; Next, determine if a sensor or the device has failed 
(cond ((eq? (car SPRT_Data) {- (cadr SPRT Tata) 1)) 

; ; We can conclude that a sensor Has failed, because 
; ; the tripped SPRTs are next to each other 
(display »•» SENSOR NUMBER A ) 

(display (cadr SPRT Data) ) (display HAS FAILED *»» ) 
(newline) (newline)) 

((and (eq? (car SPRT_Data) l) 

(eq? (cadr SPRT_Data) NSensors)) 
;; We can conclude that the first sensor has failed, 
; ; because the first and last SPRTs have triooedT 
(display ••• SENSOR NUMBER Al HAS FAILED ••»") 
(newline) (newline) ) 

(else 

; ; We can conclude that the device has failed, since 
;; the tripped SPRTs are not adjacent, 
(display THE ) (display DName) 

(display DEVICE EAS FAILED ) (newline) 

(newline) ) ) ) 

( (eq? NSPRTs 1) 

In this case, l SPRT has tripped. This is due either to 
a early indication of a sensor or device failure, or to 
a spurious SPRT trip. We conclude a possible failure, 
(display For the ) (display VName) 

(display physical variable of the ) (display DName) 
(display device: ) (newline) 
(display One SPRT has tripped - ) 
(DisplaySPRTs 1 NSensors SFRT_Data) (newline) 
(display • »» THE ) (display~DName) (display DEVICE ) 
(if (eq? (car SPRT_Data) NSensors) 
(begin 

(display SENSOR NUMBER Al, ) (newline) 
(display OR SENSOR NUMBER A ) 

(display NSensors) (display MAY BE FAILING ♦** ) 
(newline) (newline) ) 
(begin 

(display SENSOR NUMBER A ) (disolay (car SPRT Data)) 
(display , ) (newline) 
(display OR SENSOR NUMBER A ) 

(display (+ (car SPRT Data) 1)) 
(display MAY BE FAILING »** ) 
(newline) (newline) ))))))) 



WO 97/14105 



49 



PCT/US96/16092 



;; DualDevice procedure - This procedure contains the logic for the 
;; analysis of a SPRT group which has 2 devices, 
(define DualDevice 

(lambda (InputData SPRT_Data) 

First use temporary variables to extract the data from the InpucData 
list and the number of tripped SPRT5. 
(let ( (NSensors (car InpucData) ) 
(DName (cadr InpucData) ) 
(VName (caddr InputDaca) ) 
(NSPRTs (length SPRT Data) ) ) 
;; The logic depends upon the number of tripped SPRTs. 

(cond ( ( - NSPRTs 3) 

In this case, 3 or more SPRTs have tripped. First write 
;; message showing current device and physical variable, 
'(displ&v For the ) (display VName) 

(display physical variable of the ) (display DName) 
(display devices: ) (newline) 

(if (eo? NSPRTs <* NS elisors 2)) ; If all of the sensors failed, 
(begin ; write this message, 

(disolay All ) (display NSPRTs) 

(disolay SPRTs have tripped ) ) 
(begin" ; or t write this message. 

(display These ) (display NSPRTs) (display of the ) 

(display (• NSensors 2)") 

(disolay SPRTs have tripped - ) (newline) 
(DisplaySPRTs 2 NSensors SPRT_Data) ) ) 
We conclude that the device has fai led , 
(newline) (disolay *** ONE OR BOTH OF THZ ) (display DName) 
(display DEVICES HAVE FAILED *»* ) (newline) 
(newline) ) 

( (ec? NSPRTs 2) 
;;" In this case, 2 SPRTs have tripped. First write 
;; message showing current device and physical variable, 
(display For the ) (display VName) 

(display physical variable of the ) (display DName) 
(display devices: ) (newline) 
;; List the triuoed SPRTs. 

(disolay These 2* of the ) (display (* NSensors 2)) 
(disolay SPRTs have tripped - ) (newline) 
(DisolaySFRTs 2 NSensors SPRT_Data) (newline) 
;; Next, determine if a sensor or the device has failed, 
(cond ((eq? (car SPRT Data) (- (cadr S?RT_Daca) 1)) 

/; We can conclude that a sensor has failed, because 

;; the tripped SPRTs are next to each other. 

(display *•* SENSOR NUMBER * ) 

(if (even? (car S?RT_Data) ) 
(begin 

(disolay B ) 

(display (/ (car SPRT_Data) 2) 1) ) ) 
(begin 

(disolay A ) 

(display (+ (quotient (car SPRT_Daca) 2) 1) ) ) ) 
(display HAS FAILED ••• ) 
(newline) (newline) ) 
((and (eq? (car SPRT Data) 1) 

(eq? (cadr SPRTJData) (• NSensors 2))) 
We can conclude that the first sensor of the second 
• ; device has failed, because the first and last SPRTs 
; ; have tripped . 

(display *** SENSOR NUMBER Bl KAS FAILED »** ) 
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(new line) (newline) ) 
(else 

; ; Wa can conclude that the device has failed jinm 
;; che cripped SPRTs are not adjacent. ' "* ce 

(display •»» ONE OR BOTH OF THE ) 

(display DName) (display DEVICES HAVE FAILED ) 
(newline) (newline) ) ) ) ' 

( (eq? NSPRTs 1) 

In this case, 1 SPRT has tripped. This is due either co 
a early indication of a sensor or device failure, or" to 
a spurious SPRT trip. We conclude a possible failure 
(display For che ) (display VName) 

(display physical variable of che ) (display DName) 

(display devices: ) (newline) 

(display One SPRT has tripped * ) 

(DisplaySPRTs 2 NSensors SPRT Data) (newline) 

(display •**♦ ONE OR BOTH OF THE ) (display DName) 

(display DEVICES, ) (newline) 

(if (eq? (car SPRT_Data) (» NSensors 2)) 
(begin " 

(display SENSOR NUMBER A ) (display NSensors) 

(display , OR SENSOR NUMBER 31 MAY BE FAILING ) 
(newline) (newline) ) 
(begin 

(display SENSOR NUMBER A } 

(if (even? (car SPRT_Data) ) 
(begin "~ 

(display (/ (car SPRT Data) 2)) 
(display OR SENSOR NUMBER B ) 
(display (♦ (/ (car SPRT Data) 2) 1)) 
(display MAY BE FAILING •»» ) ) 
, (begin 

(display (quotient (car SPRT_Data) 2) 1)) 
(display- OR SENSOR NUMBER fi ) 
(display (♦ (quotient (car SPRT Data) 2) 1)) 
(display MAY EE FAILING )") ) 

(newline) (newline) ))))))) 

Mul tip leDe vice procedure - This procedure contains the logic for the 
analysis of a SPRT group which has 3 or more devices . 
(define MultipleDevice 

(lambda (Input Data SPRT_Data) 

; ; First use temporary variables to extract the data from the InputData 
;; list, the number of cripped SPRTs, che names of the cripped SPRTs, 
;; and che lisc of tripped SPRTs for the last device, and two temporary 

variables for the main do loop in the procedure, 
(let* ( (NDe vices (car InputData)) 
(NSensors (cadr InputData) ) 
(DName (caddr InputData) ) 
(VName (cadddr InputData)) 
(NSPRTs {length SPRTJ)ata) ) 

(DeviceList (NameTrippedSPRTs NDevices S?RT_Data) ) 
(PreviousDevice (car (reverse DeviceList)))" 
(CurrentDevice () ) 
(NextDevice ()) ) 
; ; The logic depends upon che number of cripped SPRTs . 
(cond ((eq? NSPRTs {♦ NSensors NDevices)) 

In this case, all of the SPRTs have tripped. First write 
a message showing current the device and" physical variable, 
[display For the ) (display VName) 
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(display physical variable of the ) (display DName) 

(display devices: ) (newline) 

(display All ) (display NSPRTs) 

(disoiav SPRTs have tripped ) (newline) 

disnlav ALL ) (display NDevices) (display OF THE ) 

(display DName) (display DEVICES HAVE FAILED — ) 
(newline) (newline) ) 

"""his' case. 1 or more of the SPRTs have "ripped So we 
' ' determine if any device or tensors have failed. First 
wrice a message showing the current device and physical 

• variable. Then the names of the tripped SPRTs are displayed, 
(diaolay For the ) (display VName) 

(display physical variable of the ) (display DName) 
(disalay devices: ) (newline) 

(displav These ) (display NSPRTs) (display of the ) 
(display (* NSensors NDevices) ) 

(display SPRTs have tripped - ) in ewl f ae| , . . 
DisplaySPRTs NDevices NSensors SPRT_Data) (newline) 

• A do loop is used to step through the list of names of 
t-'pped SPRTs . For each device, we can determine if the 
device has failed, may be failing, or if one of its sensors 

' ' has or may be failing. The do list steps from cevice 1 to 



/ * 



NDevices. , , m . . . . 

(do ( (SubList DeviceLisc (cdr SubList) ) ) 



( (null? SubList) (newline) ) 
• ■ Body oc do loop. ... 

Fi-st I reset the temporary variables whicn contain 
] ; the list or tripped SPRTs for the current and next 
; ; devices. 

(set! CurrentDevice (car SubList)) . , . . 

If this is the last pass through the no loop, then 
current device -is number NDevices and the next device 

' ) is the first device Ci.e/, device number Al . 

(if (null? (car SubList) ) . 

(set! NextDevice (car DeviceList) ) 

(set! NextDevice (cadr SubList)) ) - 
; ; The logic depends upon the number or tripped SPRTs for 
• ' tbe current and next devices . 
(ccnd ( (and (not (null? CirrentDevics ) 

(not (null? NextDevice)) ) 
;; In this case, the current device and the next 
• ' device contain tripped SPRTs . 
\' ; Next we checic to see if the tripped SPRTs 

imply a sensor has failed. 
'lit (and (ea? (length CurrentDevice) 1) 
(eq? (length KextDevice) 1) 
(eq? (cadar CurrentDevice) 
(cadar NextDevice)) ) 
In this case, the current and next devices 
• • contain 1 tripped SPRT and the sensor nuro- 
;; bers of the SPRTs are the same, 
(if (ea? NSensors 1) 

; ; " If the devices contain only 1 sensor, 
; * then either the device or sensor has 
; ; failed, 
(begin 

(display *** DEVICE NUMBER ) 
(display (caar NextDevice) > 
(display OF THE ) (display DName) 
(display DEVICES , > (newline) 
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(display OR SENSOR NUMBER ) 

(display (caar NexcDevice) ) 
(display (cadar CurrencDevice) ) 
(display HAS FAILED — ) (newline) ) 
;; The devices concain acre than l sensor 
; ; He can conclude a sensor has failed 
(begin 

(display *♦* SENSOR NUMBER ) 
(display (caar NexcDevice) ) 
(display (cadax CurrencDevice) ) 
(display HAS FATT.rT) »•* ) (newline) ) ) 
In this case more Chan 1 SPRT in either of 
the devices has tripped, therefore we can 
conclude that the device has failed, 
(begin 

(display *»» D EVICT NUMBER ) 
(display (caar NexcDevice) ) 
(display OF THE ) (display DName) 
(display DEVICES HAS FAILED ) 
(newline) ) ) ) 
; ; Next we check to see if the current device 

contains tripped SPRTs while the previous and 
; ; next devices don t . 
( (and ( (length CurrencDevice) 0) 

(eq? (length PreviousDevice) 0) 
(eq? (length NexcDevice) 0) ) 
If only one SPRT has tripped, then we can c 
conclude a failure, only that failure of the 
current device or a sensor is possible, 
(if (eq? (length CurrencDevice) 1) 
(begin 

(display »•* DEVICE NUMBER ) 
(display (caar CurrencDevice) ) 
(display OR DEVICE NUMBER ) 
(display (caddar CurrencDevice) ) 
(display OF THE ) (display DName) 
(display DEVICES, ) (newline) 
(display SENSOR NUMBER ) 

(display (caar CurrencDevice) ) 
(display (cadar CurrencDevice) ) 
(display , OR SENSOR NUMBER ) 
(display (caddar CurrencDevice)) 
(display (cadar CurrencDevice) ) 
(display MAY BE FAILING •»* ) (newline) ) 
In this case, more than 1 SPRT in the 
current device has tripped. Therefore we 
can conclude that the current or the next 
device has failed, 
(begin 

(display DEVICE NUMBER ) 

(display (caar CurrencDevice)) 
(display OR DEVICE NUMBER ) 
(display (caddar CurrencDevice) ) 
(display OF THE ) (display DName) 
(newline) 

(display DEVICES HAS FAILED ) 

(newline) ) ) ) ) 
The last step is to update the PreviousDevice variable, 
(sett PreviousDevice CurrencDevice) )))))) 



NameTrippedSPRTs procedure - This internal procedure takes a list of 
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,._:.„,. sprts and converts each number of the tripped SPRT inco the SPRT 
™ P 1e a I IB 1 is Che corresponding SPRT name for tripped SPRT ll . 
The output' is a list of NDevs eiemencs. Each of the elements contain, 
che name of tripped SPRT a for Che corresponding device number [e.g.. the 
Hi element conHins eta names of the tripped SPRTs for device CJ . If 
none of the SPRTs for a device have tripped, then the corresponding ele- 
ment is null. This procedure is applied only to device groups chac 
contain 3 or more devices . 
(define NameTrippedSPRTs 
(lambda (NDevs SPRT List) 

;; Create local list to store output data. 

(1 " Vdollw i" used to step through each of the devices, from 

device A to device NDevs . The loop variable. IDev. is the currenc 
; ; device number. 

(do ( (IDev 1 (♦ IDev 1) ) ) J 

( ( NDevs IDev) (reverse DevLisc) ) ; Reverse order of output. 

(sec! ^^j^"- thc following unnamed function to each of the 

eiemencs in S?RT_List. Any null elements are removed 

from the list returned by map. Finally, the recuraea 

list is Added to DevLisc. 

( cons • « 

(Remove-full ; Call function to remove nulls. 

(man m 

(lambda (SPRT) ; Unnamed internal function, 

(if (eo? (modulo SPRT NDevs) (modulo IDev NDevs)) 
; " If che current element in SPRT_List is a 

multiple of IDev, Chen: 
if (ea? (modulo SPRT NDevs) 0) 

; ; " In this case the devices in the SPRT are 
device A and device NDevs. 

;; Recurn lisc containing: letter ref- 

ering to first device in the SPRT. 
(ascii- symbol (+ NDevs 64) > 
;; number ref ering to the sensor, 
(quotient SPRT NDevs) 
;;" the letter of the second device, 

'a 

;; and the sensor number again, 
(quotient SPRT NDevs) ) 

; ; "Else , 

(list 

;; Recurn list containing: letter ret- 
•; ering to first device in the SPRT, 
(ascii- symbol («■ IDev 64)) 
;; number ref ering to the sensor, 
(«- (quotient SPRT NDevs) 1) 
;; the letter of the second device, 
(ascii- symbol (+ IDev 65)) 
;; and the sensor number again. 
U (quotient SPRT NDevs) 1) ) ) ) ) 

SPRT List ) ) 
;; Add result from RemoveNull to DevList. 

DevList ) ) ) ) ) ) 

* 

; ; RemoveHuil procedure - This internal procedure recursively removes the 
; ; null elements from an inpuc list (Lstl . 
(define RemoveNull 
(lambda (Lst) 
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(If (Hull? LAC) 

0 

(if (null? (cax Lac)) 

(RemoveNull (cdr Lac) ) 



If end of Lsc Is reached, 
recum null. 

If lsc clemenc in Lsc ia null, 
. ignore ic. 

(cons (car Lac) - Elae add lac elemenc Co ourauc 

(RemoveNull (cdr Lsc)) ) ) ) ) ) oucpuc. 

DisplaySPRTs Procedure - This incernal procedure oucpucs che names of 
Che cripped SPRTa in Lac. For each cripped SPRT listed in Lac che pro- 
cedure decerrainea che name (e.g., A1-A2, or Al-ai] of che SPRT 'and 
writes ic co che screen, 
(define DisplaySPRTs 

(lambda (NDeva NSena Lac) 

(cond ((null? Lac) SO ; Lac is empcy, don c do anything 

((eq? NDevs 1) ; Caae for aingle device SPRT 

(if (eq? (car Lsc) NSens) 
(begin 

;; In this case, che lasc SPRT [AN-A1] has tripoed 
(display A ) (display NSens) (display -Al ) " 
; ; Diaplay criped SPRTs in che remainder of che lisc 
(DiaplaySPRTs NDevs HSens (cdr Lsc) ) } 
(begin 

;; SPRT number AX-AX+1, where X is che first number in 
;; che lisc, has cripped. 

(display A ) (display (cax Lac)) (displav -a ) 
(display ( + (car Lsc) 1) ) (display ) 
;; Display cripped SPRTs in che remainder of che lisc. 
(DisplaySPRTs NDevs NSens (cdr Lsc) ) ) ) ) 
((eq? NDevs 2) ; Caae for dual device SPRT. 

(if (eq? (cax Lsc) (• NSens 2)) 
(begin 

;; In this case, che lasc SPRT [AN-31] has trixsoed. 
(display A ) (display NSens) (display -Bl ) 
;; Display tripped SPRTs in Che remainder of che lisc. 
(DisplaySPRTs NDevs NSens (cdr Lsc) ) ) 
(begin 

(display A ) 
(if (even? (car Lsc) ) 
(begin 

;; SPRT number AX-3X+1, where X is Che firsc number 
;; in the lisc divided by 2, has cripoed. 
(display (/ (car Lsc) 2)) (disDlay -a") 
(display (* {/ (cax Lsc) 2) l)) ) 
(begin 

;; SPRT number AX-ax, where X is .5 ♦ the firsc num- 
;; ber in che lisc divided by 2, has criuoed. 
(display (♦ (quotient (car Lsc) 2) 1)) 
(display *B ) 

(display (+ (quotient (car Lac) 2) 1)) ) ) 
(display ) 

;; Display cripped SPRTs in che remainder of che lisc. 
(DisplaySPRTs NDevs NSens (cdr Lac) ) ) ) ) 
<*1*« ; Case for mulciple device SPRT. 

(if (eq? (modulo (car Lsc) NDevs) 0) 

If che cripped SPRT is a mulciple of che number of 
devices, Chen che SPRT number is MX* AX, where M is che 
number of devices, and X is che sensor number, 
(begin 

; ; Leccer representing device N. 
(display (ascii- symbol (*> NDevs 64))} 
;; Number of che sensor. 
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(display (quotient (car Lsc) NDevs)) 
; ; Letter representing device A. 
(display 

; ; Number of the sensor . 
(display (quotient (car Lsc) NDevs)) ) 
(begin 

If the tripped SPRT is noc a Multiple of the number of 
devices, then the number of the first device is given 
by the remainder of SPRT/NDevs . 
, ; Leccer represencing first device in tripped SPRT. 
(display (ascii*>symbol <+ (modulo (car Lsc) NDevs) 64))) 
; ; Humber of the sensor . 
(display (♦ (quotient (car Lst) NDevs) I)) 
(display "--) 

;; Letter representing second device in tripped SPRT, 
(display (ascii->symbol (+ (modulo (car Lsc) NDevs) 65))) 
; ; Number of the sensor. 

(display (+ (quotient (car Lsc) NDevs) 1)) ) ) 
(display • •) 

,* ; Display tripped SPRTs in the remainder of the list. 
(DisplaySPRTs NDevs NSens (cdr Lsc) ) ) ) ) ) 



Main body of Ana lyre procedure. 

The Analyze procedure is passed input data and tripped SPRT data super 
lists . Each element of these lists contains the input data and list of 
tripped SPRTs for a corresponding group of independent SPRTs . This por- 
tion of the procedure is a control routine which each element of the 
super lists to the AnalyzeGroup procedure. 



(if (null? SPRT_List) 
St 

(begin 

(AnalyzeGrouo (cax GroupList) 

(cax SPRT_List) 
GroupCount) 
(Analyze (cdr GroupList) ; 
(cdr SPRT — List) 
{+ 1 GroupCount) ) ) ) ) 



Quit if end cf list is reached. 



Analyze 1st element cf the lists. 



Analyze remainder of the lists . 



* § 



End of the Analyze procedure. 
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What Is Claimed Is: 

1 A method of testing both an industrial process and a sensor for determining fault 
conditions therein, comprising the steps of: 

determining automatically, using computer means, a configuration of a minimum 
number of sensor pairs needed to test the industrial process and the sensor for state of 
operation; 

operating at least a first and second sensor to fonn at least one sensor pair to 
redundantly detect at least one physical variable of the industrial process to provide a first 
signal from said first sensor and a second signal from said second sensor, each said signal 
being characteristic of the one physical variable; 

obtaining a difference fiinction characteristic of the arithmetic difference pairwise 
between said first signal and said second signal at each of a plurality of different times of 
sensing the one physical variable; 

obtaining a frequency domain transformation of said first difference function to 
procure Fourier coefficients corresponding to Fourier frequencies; 

generating a composite function over time domain using the Fourier coefficients; 

obtaining a residual function over time by determining the arithmetic difference 
between the difference function and the composite function, the residual function being 
substantially free of serially correlated noise; 

operating on the residual function using the computer means for performing a 
statistical analysis technique to determine whether an alarm condition is present in at least 
one of the industrial process and the sensor, the residual function including white noise 
characteristics of an uncorrected function of reduced skewness relative to the difference 
function and being input to the statistical analysis technique; and 

said at least one sensor pair providing alarm information to an operator of the 
industrial process allowing modification of at least one of the industrial process and said at 
least first and second sensor when an alarm condition is detected. 
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2. The method described is Claim 1 wherein said computer means comprises an artificial 
intelligence system. 

3. The method as defined in Claim 1 wherein the residual function comprises reduced 
Markov dependent noise. 

4. The method as defined in Claim 1 wherein the industrial process comprises at least 
one of a chemical process, a mechanical process and an electrical operational process. 

5. The method as defined in Claim 1 wherein the step of obtaining Fourier coefficients 
comprise iteratively determining the minimum number of Fourier harmonics able to generate 
the composite function, 

6. The method as defined in Claim 1 further including at least one of the steps of 
modifying the industrial process or changing the sensor responsive to the alarm condition. 

7. A method of testing both an industrial process and a sensor for determining fault 
conditions therein, comprising the steps of: 

determining, using computer means, a configuration of a minimum number of sensor 
pair signals needed to characterize the industrial process and the sensor state of operation; 

operating at least a first sensor to detect at least one physical variable of the industrial 
process to provide a real signal from said first sensor; 

generating an artificial signal characteristic of the one physical variable; 

forming a sensor pair signal from said real signal and said artificial signal; 

obtaining a difference function characteristic of the difference pairwise between said 
real signal and said artificial signal at each of a plurality of different times of sensing the one 
physical variable; 

obtaining a frequency domain transformation of said difference function; 
generating a composite function over a time domain; 

obtaining a residual function over time by determining the difference between the 
frequency transformed difference function and the composite function; 
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operating on the residual function using the computer means for performing a 
statistical analysis technique to determine whether an alarm condition is present in at least 
one of the industrial process and the first sensor, the residual function including white noise 
characteristics of an uncorrelated signal of reduced skewness relative to the difference 
function and being input to the statistical analysis technique; and 

said first sensor providing alarm information to an operator of the industrial process 
allowing modification of at least one of the industrial process and the first sensor when an 
alarm condition is detected. 

8. The method as defined in Claim 7 wherein the step of obtaining a frequency domain 
transformation comprises performing a Fourier transformation. 

9. The method as defined in Claim 7 wherein the steps of obtaining a composite function 
over time comprises performing an auto regressive moving average analysis. 

10. The method as defined in Claim 7 further including the step of determining a 
difference function for both the artificial signal and the real signal, as well as a separate pair 
of real signals. 

11. The method as defined in Claim 7 wherein the residual function comprises reduced 
Markov dependent noise. 

12. The method as defined in Claim 8 wherein the step of obtaining a frequency domain 
transformation comprises obtaining Fourier coefficients iteratively to determine the 
minimum number of Fourier harmonics able to generate the composite function. 

13. A system for automatically configuring sensors for testing both an industrial process 
and a sensor for determining a fault condition therein, comprising: 

computer means for automatically configuring a minimiiTn number of sensor pair 
signals needed to characterize the industrial process and the sensor state of operation; 

at least a first sensor to detect at least one physical variable of the industrial process 
to provide a first signal from said first sensor; 
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first means for generating a second sensor signal for comparison with said first signal 

from said first sensor; 

second means for determining a difference function characteristic of the arithmetic 
difference pairwise between said first signal and said second signal at each of a plurality of 
different times of sensing the one physical variable; 

third means for obtaining a residual function over time by means for determining the 
arithmetic difference between the difference function and the composite function, the 
residual function including white noise characteristics of an uncorrelated signal of reduced 
skewness; 

fourth means for operating on the residual function, said fourth means including the 
computer means for executing a computer program for performing a statistical analysis 
technique and for determining whether an alarm condition is present in at least one of the 
industrial process and the sensor and with said second means, said third means, and said - 
fourth means cooperatively providing a function comprised of said white noise 
characteristics of uncorrelated signal of reduced skewness relative to the difference function 
as an input to the statistical analysis technique; and 

means for providing information allowing modification of at least one of the industrial 
process and the sensor when an alarm condition is detected. 

14. The system as defined in Claim 13 further including means for obtaining a frequency 
domain transformation of said difference function. 

15. The system as defined in Claim 13 wherein said computer means comprises an 
artificial intelligence system. 

16. The system as defined in Claim 13 wherein said means for generating a second signal 
comprises the computer means for executing a computer program. 

17. The system as defined in Claim 16 wherein the computer program includes an 
autoregressive moving average procedure. 
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18. The system as defined in Claim 13 wherein the system includes at least one pair of 
sensors for detecting each of the physical variables. 

19 The system as defined in Claim 13 wherein said computer means executes a computer 
program including a statistical probability ratio test on the residual function. 
20. The system as defined in Claim 13 further including means for changing at least one 
of the industrial process and substituting another sensor for a defective sensor. 
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